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Abstract 
The aim of this work is to study the effect of adsorbent heterogeneity on pure-gas and 
multicomponent adsorption equilibrium, especially at low pressures; and to accurately 
predict multicomponent adsorption equilibrium. 
A Tian-Calvet type microcalorimeter has been constructed and used to measure the 
adsorption isotherms and the isostenc heats of adsorption of pure methane, ethane and 
CO2, and the binary mixtures of the above-mentioned three adsorptives in three pure-
silica MCM-41 samples with different pore diameters, at room temperature and at 
pressures up to 1 bar. Ideal Adsorption Solution Theory (lAST) was applied to predict 
the binary adsorption isotherms and isosteric heats for individual components in the 
mixture. It is found that the adsorption of the three binary mixtures in MCM-41 show 
small deviations from ideality at room temperature and at low pressures. 
The adsorption isotherms of binary ethane/CO 2 mixtures in the three MCM-41 
samples were measured using a high-pressure volumetric apparatus at 264.6 K and at 
pressures up to 30 bar. lAST was used to study the adsorption system; it gives quite 
accurate predictions of multicomponent adsorption equilibrium at low pressures and 
shows some deviations at moderate and high pressures, presumably due to the 
chemical dissimilarity of the two adsorptives. Grand canonical Monte Carlo 
simulations have been carried out to study the same adsorption system. The 
simulations were carried out using three different models for MCM-41 with different 
degrees of surface heterogeneity. The model that has an amorphous structure, 
generated by an energy-minimization procedure, gives the best predictions for ethane 
adsorption, especially at low pressures, suggesting that this model incorporates a good 
representation of the heterogeneity of the real MCM-41 material. Excellent 
predictions of the adsorption of pure CO2 and binary mixtures of ethane and CO2 in 
MCM-41 are obtained with the model, further confirming the realism of this model. 
Long-ranged electrostatic interactions are included for the simulation of CO 2; these 
interactions, which play an important role, are treated by a simple one-dimensional 
summation method, which gives an accurate calculation of the potential. 
The adsorption of binary methane/ethane mixtures in BPL activated carbon has been 
studied by carrying out experimental measurements and thermodynamic consistency 
tests. lAST was applied as well. It is found that the experimental data are 
thermodynamically consistent. In contrast to two sets of data previously published, we 
found that the adsorption of binary methane/ethane in BPL behaves ideally (in the 
sense of obeying lAST) throughout the pressure and gas-phase composition range 
studied. 
The isosteric heats of adsorption of methane and ethane in a heterogeneous activated 
carbon adsorbent have been modelled by Monte Carlo simulation, using a pore size 
distribution (PSD) to relate simulation results for pores of different sizes to the 
experimental adsorbent. Excellent fits between experimental and simulated isosteric 
heats of adsorption of methane in BPL activated carbon was obtained. The PSD was 
then used to make good predictions of adsorption isotherms of methane and ethane in 
the same carbon adsorbent. A new approach is proposed for converting the isosteric 
heats of adsorption, obtained from the Monte Carlo simulations, to their excess 
counterparts, measured experimentally. 
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1.1 Adsorption and Gas Separation Processes 
Separation processes are essential to the petroleum, chemical, petrochemical, pulp, 
pharmaceutical, mineral, and other industries. Separation is defined as a process that 
transforms a mixture of substances into two or more products that differ from each 
other in composition. Among many of the separation processes widely used in 
industry, such as distillation, extraction, leaching, ion exchange, chromatography etc., 
adsorption is one of the most important and extensively used techniques. It is the term 
used for the process whereby gas molecules (the adsorptives) adhere to a solid 
surface, which results in a higher density than the bulk density in the immediate 
vicinity of the solid surface. The adsorbed gas is then named the adsorbate while the 
solid is the adsorbent. 
Adsorption is divided into two categories depending on the strength with which the 
adsorbate molecules adhere to the solid surface: chemisorption and physisorption. 
Chemisorption is characterized by the form of chemical bonds between the gas 
molecules and the surface of the solids, usually with high heats of adsorption. It 
always has to overcome an activation energy and hence may be slow and irreversible. 
The regeneration of a chemisorption process is usually carried out by increasing the 
temperature. Physisorption is rapid and easily reversible by changing the process 
conditions, since physisorption only involves relatively weak intermolecular forces. 
These forces include van der Waals dispersion forces as well as sometimes 
electrostatic interactions. The heat of adsorption in a physisorptiori process is usually 
weaker than that of a chemisorption process. 
The degree that an adsorbate molecule is adsorbed on the adsorbent depends on the 
nature of the adsorbate molecules, and the physical properties and structure of the 
adsorbent. In other words, different kinds of adsorbates adsorb differently in the same 
1 
adsorbent or the same adsorbate adsorbs differently in different kinds of adsorbents. 
Figure 1.1 shows the adsorption isotherms of pure methane and pure ethane in BPL 
activated carbon at 301.4 K. Clearly, ethane adsorbs more strongly than methane in 
BPL at the same temperature. That is because the ethane molecule has a much bigger 
molecular weight, and thus has a stronger interaction with the BPL. 
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Figure 1.1: Adsorption isotherms of pure methane and ethane in BPL at 301.4 K 
The preferential adsorption is best represented by the selectivity of one adsorptive 
(species 1) over another (species 2), Si,2, which is defined by: 
x/ 
S 1 1,2 - x2/ 
/Y2 
1.1 
where x and y refer to the adsorbed and bulk phase mole fractions respectively. The 
selectivity reveals the degree of preferential adsorption in an adsorption process and it 
is a key variable for adsorptive separations. Figure 1.2 shows the selectivity of ethane 
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Figure 1.2: The selectivity of ethane over methane in BPL at 301.4 K 
This preferential adsorption of one adsorptive relative to another makes adsorption a 
suitable tool to separate a feed stream of mixtures into two or more products of 
different composition. Adsorption is thus widely used as a separation process in many 
industries. Physisorption is more extensively used than chemisorption because it is 
relatively easy to recover the physisorbed components and to regenerate the 
adsorbent, which usually involves heating the adsorbent or lowering the pressure. The 
remainder of the thesis is concerned exclusively with physisorption. 
Besides the selectivity, adsorption equilibrium is also characterized by the adsorption 
isotherms and the heats of adsorption. Adsorption isotherms are useful for describing 
adsorption capacity and for the theoretical evaluation and interpretation of 
thermodynamic variables, such as heats of adsorption. When physisorption happens at 
low pressures, the equilibrium relationship between the gas phase and adsorbed phase 
concentrations is linear, as shown in Figure 1.3. This linear relationship is commonly 
referred to as the Henry's law by analogy with the limiting behaviour of solutions of 
gases in liquids and the constant of proportionality, which is simply the adsorption 
equilibrium constant, is referred to as the Henry's constant [1]. The Henry's constant, 
H, is thus simply given by: 
3 
H=% 	 1.2 
where n is the amount adsorbed and P is the pressure. The Henry's constant indicates 
the strength of adsorption, as suggested by Equation (1.2); at the same pressure, the 
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Figure 1.3: Adsorption isotherms of pure methane and ethane in BPL at 301.4 K in 
the Henry's Law region 
The Henry's constants obtained using Equation (1.2) for pure ethane and methane in 
BPL at 301.4 K are 2.65x1O and 1.17x10 2 mmolg(kPa), respectively. Therefore, 
the adsorption of pure ethane is much stronger than the adsorption of methane in BPL 
at the same temperature, which confirms the results in Figure 1.1. 
1.2 Heats of Adsorption 
Adsorption is an exothermic process; i.e. it is accompanied by the release of heat. The 
equilibrium extent of adsorption at a given pressure in a given system is thus found to 
increase with decreasing temperature. Therefore the adsorption of adsorbate 
molecules to the adsorbent surface is greater at low temperatures, while rates of 
approach to equilibrium normally increase with increasing temperature because 
.19 
adsorption kinetics are generally controlled by diffusive mass transfer. This thesis 
only focuses on the thermodynamic equilibrium aspect of adsorption. 
1.2.1 Definition of Heats of Adsorption 
The change of energy, AU, for adsorbing a  moles of pure gas is [2]: 
AU =fla( —u°) 
	
1.3 
where u and a  are the molar internal energies of the bulk gas and adsorbed phases, 
respectively. This change of energy corresponds to the integral heat of adsorption [3], 
which refers to the introduction of a large amount of gas, e.g. from zero loading to 
50% of saturation capacity. 
In thermodynamics, we are more interested in the differential values. Therefore, the 
differential energy, Ai, is given by: 




an  T 
	 1.4 
where T is the temperature. The standard terminology for the differential energy is the 
differential heat of adsorption, q, therefore: 
1.5 
Similarly, the change in enthalpy, All, for adsorbing a  moles of gas is 
Jffla(_a) 	 1.6 
where h9 and h" are the molar enthalpies of the bulk gas and adsorbed phases, 
respectively. Since the molar volume of the adsorbed phase is small, for practical 
purposes: 
5 
hg = U 9 	 1.7 
From Equation (1.6), the differential enthalpy, 	 ,is 
( aAH 	 ( aU 
	




The standard terminology for the differential enthalpy is the isosteric heat of 
adsorption, therefore the isosteric heat is defined as: 
q 1 	 1.9 
The isosteric heat is the quantity required for energy balances in adsorption columns, 
therefore, it is more important and extensively used in characterizing adsorption then 
the differential heat of adsorption. 
More specifically, the thermodynamic definition of the isosteric heat of a pure gas is 
the molar enthalpy in the gas phase minus the differential enthalpy in the adsorbed 
phase: 
r dH 
q - 11g - a = 	- L an   IT 1.10 
where h a is the differential enthalpy in the adsorbed phase, and Ha is the specific 
enthalpy of the adsorbed phase. The isosteric heat and the differential heat of 
adsorption are related by: 
q, =q +ZRT 
	
1.11 
where Z is the compressibility factor in the bulk gas phase and R is the universal gas 
constant. Both the isosteric heat and the differential heat of adsorption are not only 
partial molar quantities, but also they are both state functions, whose values are 
independent of the path taken between two thermodynamic states. 
For mixture adsorption, the isosteric heat of adsorption of the ith component of that 
mixture, qst,i, is the differential enthalpy of desorption of that component [4]: 
q 1 , 1  :-- h• ig _a 	 1.12 











qst,i is also called the individual heat of adsorption of the it ith component in the 
mixture adsorption. 
1.2.2 Measurements of Isosteric Heat of Adsorption 
The isosteric heat for pure-gas adsorption may be obtained experimentally from the 
Clausius-Clapeyron equation by evaluating the adsorption isotherms at different 
temperatures at a constant loading [5]: 




where n is the number of moles adsorbed, the same as a,  with the superscript omitted 
to make the equation more simple and f is the bulk gas fugacity, which for ideal gas 
turns into the pressure. 
The isosteric heat of adsorption at the limit of zero coverage, q,, may be obtained by 
the following two methods: (1) by extrapolation of the isosteric heat of adsorption as a 
function of loading to zero loading [6] and (2) by evaluating the Henry's constant, H, 
at different temperature using the van Hoff equation [1]: 
[d in 
H] =R
[dl n H ] 
q° = _RT 2 [
dT 	 d1IT 
1.16 
For mixtures, Sircar [7, 8] proposed a Gibbs Surface Excess (GSE) thermodynamic 
model for the calculation of "isoexcess heat of adsorption" of each component in a 
binary adsorption experiment. The data requirements for this model are substantial - 
the amount adsorbed for each species as a function of P at constant T and y, the 
amount adsorbed for each species as a function of T at constant P and y, and the 
amount adsorbed for each species as a function of y, at constant P and T. We are not 
aware of this method being used in practice. A few other theories [4, 9] have also 
been developed for the heats of adsorption of mixtures, but there are not enough 
experimental data available to compare the performance of these theories. 
Multicomponent adsorption microcalorimetry [3, 4, 101 provides a more direct route 
to measure the isosteric heat or individual heat in either pure-gas or mixture 
adsorption experiments. It has been applied extensively to characterize solid 
adsorbents and to study the interaction between adsorbate and adsorbent. The 
principles of calorimetry in the case of physisorption have been set forth by Hill [2] 
and Cardona-Martinez and Dumesic [11] have given a thorough literature survey of 
microcalorimetry. 
Heats of adsorption are a direct indicator of the heterogeneity of the gas-solid 
interaction, e.g. interaction between the adsorptive (either a pure gas or a mixture) and 
the adsorbent [3].  For example, a decreasing heat of adsorption with loading indicates 
that the adsorption system is heterogeneous, i.e. there is a wide distribution of gas-
solid interaction energies in the adsorbent. An increasing heat of adsorption suggests 
that the adsorption system is homogeneous and the increase is due to the interaction 
between the adsorbate molecules themselves. A constant heat of adsorption indicates 
a balance between the strength of cooperative adsorbate-adsorbate interactions and the 
heterogeneity of the adsorption system. The heat of adsorption is also required for the 
calculation of energy balances in industrial adsorption processes for gas separation 
and gas storage, such as Temperature Swing Adsorption (TSA) process. 
1.3 Objectives and Scope of the Thesis 
The aim of this thesis is to study the effect of adsorbent heterogeneity on pure-gas and 
multicomponent adsorption equilibrium, especially at low pressures; and to accurately 
predict multicomponent adsorption equilibrium based on the data for single-
component adsorption equilibrium. 
1.3.1 Predictions of Multicomponent Adsorption Equilibrium 
Multicomponent adsorption equilibrium is a key factor in the design and operation of 
industrial processes based on the equilibrium separation, such as pressure swing 
adsorption (PSA) and TSA processes. In a PSA separation process, Hartzog and 
Sircar [12] have shown that the accuracy of process simulation results depends 
heavily upon the accuracy of the multicomponent equilibrium data input, especially 
when stringent product specifications are imposed. They have concluded that the 
representation of the multicomponent adsorption equilibrium must be accurate within 
2% in order to obtain an accurate process model. Therefore, accurately measured 
adsorption equilibrium data are essential for the prediction of the multicomponent 
adsorption equilibrium and the development of adsorption theory. In general, pure-gas 
adsorption isotherms are straightforward to measure experimentally with a high 
accuracy, and the volumetric and gravimetric methods are two examples of the most 
commonly used experimental methods to obtain pure-gas adsorption isotherms [13]. 
However, multicomponent adsorption equilibrium data are much more difficult to 
obtain since a further variable (gas-phase composition) is introduced in 
multicomponent adsorption systems. Multicomponent adsorption experiments are thus 
more complicated and time-consuming, and are more prone to errors. Therefore, to 
predict the multicomponent adsorption equilibrium accurately using as little input of 
pure-gas adsorption equilibrium data as possible is becoming more and more 
important. 
1.3.2 Adsorption Heterogeneity 
The heterogeneity of an adsorbent can be broken down into two aspects [14]: 
energetic (or surface) heterogeneity and structural heterogeneity. Structural 
heterogeneity is caused by the presence of pores of different sizes, shapes and 
connectivities [15], while energetic heterogeneity results from surface irregularities as 
well as from the presence of functional groups and impurities. We are interested in 
studying the effect of different type of adsorbent heterogeneity on the adsorption 
equilibrium. In particular, the adsorption of pure methane, ethane, and CO2. and the 
binary mixtures of the above-mentioned three gases in pure-silica mesoporous MCM-
41 type materials, and the adsorption of binary methane/ethane mixtures in BPL 
activated carbon, have been studied in this thesis. 
MCM-41 consists of a hexagonal array of long, unconnected cylindrical pores with 
diameters that can be tailored within the range 15 to 200 A [16, 17]. This regular, and 
geometrically simple, pore structure allows us to use MCM-41 as a model adsorbent 
to test our understanding of adsorption at molecular level and to evaluate methods for 
the prediction of multicomponent adsorption equilibrium [6]. There is essentially no 
structural heterogeneity for MCM-41 materials since the pore channels in MCM-41 
are almost identical to each other and are unconnected [16, 17]. Thus, in studying 
MCM-41 materials we are dealing only with energetic heterogeneity. Therefore, 
adsorption isotherms of pure ethane and CO 2 , two adsorptives with different polarity, 
and their binary mixtures in MCM-41 will be measured using a high-pressure 
volumetric apparatus, and molecular simulations will be carried out in order to 
understand the behaviour of the adsorption of these gases in MCM-41 and to predict 
the binary ethane/CO 2 adsorption equilibrium. Ethane is essentially nonpolar and 
probes the physical structure of the pore and the dispersion interactions with the 
adsorbent. CO 2 has a strong quadrupole moment, and is therefore sensitive to 
electrostatic interactions with the adsorbent. As both adsorptives are relatively low 
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molecular weight gases, not much larger than the oxygen atoms on the pore wall, both 
should be sensitive to surface roughness, i.e. the energetic heterogeneity of MCM-41. 
Activated carbon is widely used in adsorption separation processes due to its 
attractive adsorption properties, such as high internal surface area, and the fact that it 
is chemically inert, hydrophobic and organophilic. The internal structure and the 
heterogeneity effect of activated carbon are best characterized by the Pore Size 
Distribution (PSD) of structureless slit-shaped pores [18, 19]. Therefore, the PSD 
model only deals with the structural heterogeneity effect of activated carbon. This 
PSD model is applied in this work to study the adsorption of pure methane and ethane 
in BPL activated carbon by Monte Carlo simulations. Conventionally, a PSD is 
obtained by fitting the simulated isotherm to its experimental counterpart [18, 19], 
while in this thesis, a PSD is obtained by fitting to the experimental isosteric heat. In 
doing so, we hope to better understand the internal structure and the heterogeneity 
effects of activated carbons, since the isostenc heat is more sensitive to the 
heterogeneity of the activated carbon than the adsorption isotherms. 
At low pressures, the interaction between the adsorbent and the adsorbate molecules, 
i.e. the effect of adsorbent heterogeneity, dominates the adsorption, but at high 
pressures, especially after the internal surface of the adsorbent is saturated with the 
adsorbate molecules, the intermolecular interaction (adsorbate-adsorbate interaction) 
becomes more important than the adsorbent-adsorbate interaction [20]. Therefore, the 
effect of adsorbent heterogeneity is better probed at low pressures. Since the isosteric 
heat is much more sensitive than the adsorption isotherms in studying the 
heterogeneity effect of an adsorption system, experiments of the adsorption of pure 
methane, ethane and CO 2 and the binary mixtures of these three adsorptives in MCM-
41, and the adsorption of binary methane/ethane mixtures in BPL, will be carried out 
with the Tian-Calvet type microc alori meter to understand the heterogeneity of the 
MCM-41 materials and BPL activated carbon. 
1.4 Summary of Chapters 
Chapter 2 presents the experimental, thermodynamic and molecular simulation 
methods applied in this work for the study of adsorption. Two volumetric adsorption 
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experimental apparatuses are used: a high-pressure volumetric rig is used to measure 
the adsorption isotherms in MCM-41 and BPL activated carbon at pressures up to 3.0 
MIPa, and a microcalori meter to measure the isosteric heats; basic principles and 
theories of lAST and molecular simulation are clarified. 
The experimental isotherms of pure ethane and CO 2. and the adsorption isotherms of 
binary ethane/CO 2 mixtures in three siliceous MCM-41 are measured and reported in 
Chapter 3. The calorimetric isostenc heat and isotherms of binary methane/ethane, 
methane/CO2, ethane/CO 2 in the same three MCM-41 samples and lAST predictions 
corresponding to the experimental conditions are also presented in Chapter 3. 
Molecular simulations of the adsorption of pure ethane and CO2 and binary 
ethane/CO 2 mixtures in MCM-41 using three different models with different 
complexity and surface heterogeneity are reported. 
Chapter 4 presents the results of the adsorption of binary methane/ethane in BPL 
activated carbon, including the experimental isotherms and isosteric heat, the analysis 
of lAST and the results of thermodynamic consistency tests. Monte Carlo simulations 
and pore size distribution analysis of the isosteric heats of adsorption of pure methane 
and ethane in the same BPL material is also shown in this chapter. 
Finally, in Chapter 5 the important conclusions from the preceding chapters are 
summarized, and the scope for future work is discussed. 
The material contained in this thesis is in the process of being published. The relevant 
articles are as follows: 
Yun J.-H., He Y., Otero M., DUren T., and Seaton N.A., "Adsorption Equilibrium of 
Polar/nonpolar Mixtures on MCM-41: Experiments and Monte Carlo Simulations", 
In: Characterization of Porous Solids VI, Rodrfguez-Reinoso F., McEnaney B., 
Rouquerol J. and Under K. (Eds), Elsevier, Amsterdam (2002), 685-692 
He Y., and Seaton N.A., "Experimental and Computer Simulation Studies of 
Adsorption of Ethane, Carbon Dioxide and their Binary Mixtures in MCM-41", 
Langmuir, 19, 10132 (2003) 
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He Y., Yun J.-H., and Seaton N.A., "Adsorption Equilibrium of Binary 
Methane/Ethane Mixtures in BPL Activated Carbon: Isotherms and Isosteric Heats of 
Adsorption", in press, Lan gmuir 
He Y., and Seaton N.A., "Monte Carlo Simulation and Pore Size Distribution 
Analysis of the Isosteric Heat of Adsorption of Methane in Activated Carbon", 
submitted to Lan gmuir 
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Chapter2. 
Methods for Studying Adsorption 
Adsorption isotherms and isostenc heats can be measured experimentally with a 
reasonable accuracy, and accurately measured experimental data form the basis for 
the study of thermodynamics and molecular simulation. Figure 2.1 shows the 
relationship between experiment, thermodynamics and molecular simulation in 
studying adsorption. 
Experiment 
Thermodynamics 	Evaluate Theory 	Molecular Simulaion 
, 	 , 	 as 
RT 
. _= ndlnf 
Figure 2.1: A schematic diagram showing the relationship between experiment, 
thermodynamics and molecular simulation in studying adsorption. 
Experimental data, especially the multicomponent adsorption equilibrium data, need 
to be analysed by thermodynamics to study the thermodynamic consistency and the 
reliability. Thermodynamics studies adsorption in a macroscopic way, and it applies 
mathematical equations to describe different macroscopic properties of adsorption 
systems at equilibrium by means of some approximate physical or thermodynamic 
model. Accurate predictions of multicomponent adsorption equilibrium from 
thermodynamics, i.e. good agreement between thermodynamic and experimental 
results, test the realism of physical models used in thermodynamics. Molecular 
simulation probes the atomistic scale of the adsorption system, based on an exact 
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description of the system (the pore structure and interaction potentials); in other 
worlds, it probes adsorption microscopically. Simulation results can be compared 
directly with the experiment by choosing an appropriate simulation model, i.e. pore 
structure and interaction potentials, and the level of agreement between the simulated 
and experimental results provide insights into the accuracy of the simulation model. 
As we will see in Chapter 2, in a molecular simulation, the user has the complete 
control over the adsorption system, e.g. pore structures, interaction potentials, and 
even the "precision" of simulation results etc. Therefore, model systems may be 
designed to investigate the individual effects of various assumptions or 
approximations of the physical basis of thermodynamic theories, as these two 
methods are both able to predict the multicomponent adsorption equilibrium. 
Thermodynamics using the simulated pure-gas isotherms as inputs provides insights 
into the model pores. Therefore, this thesis employs a combination of adsorption 
experiment, classical thermodynamics and molecular simulation in investigating 
multicomponent adsorption equilibrium. 
2.1 Adsorption Experiments 
The design of an adsorptive separation process requires equilibrium data over a wide 
range of temperatures, pressures, and gas-phase compositions, corresponding to the 
operating conditions at different positions in the adsorbent bed and at different stages 
in the adsorption/desorption cycle. Therefore accurate experimental data are essential 
for the design of adsorption processes. In this thesis, two different volumetric 
apparatuses have been used to obtain adsorption equilibrium data: adsorption 
isotherms and isosteric heats of adsorption. In particular, a bench-scale high-pressure 
open-flow adsorption/desorption apparatus has been used to measure the adsorption 
isotherms of pure ethane and CO2 and their binary mixtures in three MCM-41 
samples at temperatures from 264.6 to 303.2 K and at pressures up to 3.3 MPa; and a 
Tian-Calvet type microcalorimeter has been constructed and used to study the 
isostenc heats and adsorption isotherms of pure methane, ethane, and CO 2, and the 
binary mixtures of the above-mentioned three gases in MCM-41 and the adsorption of 
binary methane/ethane mixtures in BPL activated carbon at room temperature and at 
pressures up to 100 kPa. 
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Figure 2.2: Schematic diagram of the high-pressure volumetric apparatus. Originally 
published by Yun et al. (Langmuir, 2002, 18, 2693) 
Figure 2.2 shows a schematic diagram of the bench-scale high-pressure open-flow 
adsorption/desorption apparatus. The system pressure measurements were performed 
with two Baratron absolute pressure transducers (MKS type 127A) with a two-
channel readout/signal conditioner (MKS type PR4000). Their pressure ranges are 
from 0 to 133.33 kPa and from 0 to 3333.25 kPa, respectively, and the reading 
accuracy is 0.05% of the usable measurement range. During all experiments, the 
adsorption chamber was placed in a water bath and the temperature was maintained 
within ± 0.02 K with a refrigerating/heating circulator (Julabo type F25). Prior to 
each pure-gas isotherm measurement, regeneration of the MCM-41 samples was 
carried out at 503 K under a vacuum of less than 0.3 Pa generated with a rotary pump 
(Edward type RV5) for at least 2 h. The degree of vacuum was monitored with a 
vacuum gauge (Edward type Active Pirani Gauge). The BPL samples were 
regenerated at 423 K under a similar vacuum. 
Helium is an inert gas and its adsorption at ambient temperature and at low pressures 
can be neglected. Therefore, the volume of parts of the adsorption apparatus, such as 
the dead volume of the adsorption chamber and the void volume for the desorption 
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chamber, were determined by expanding pure helium gas from a reference volume at 
known temperature and pressure to the part of the apparatus. The volume is calculated 
by the Ideal Gas Law. This is similar to the method in determining the extent of 
adsorption in pure-gas adsorption experiment, which is shown next. 
The determination of the pure-gas adsorption isotherm is by a static volumetric 
method, which involves the following operating procedure: to admit pure gas into the 
desorption chamber, to measure its temperature and pressure, to expand the gas into 
the adsorption chamber, and finally to record the equilibrium temperature and 
pressure both in the adsorption and the desorption chambers. These data are then used 
to calculate the extent of adsorption, n1 , by the gas equation of state: 
PVy = n1 ZRT 
	
2.1 
where V is the volume of the sample cell, dosing loop and reference cell. The 
compressibility factor of the bulk phase, Z, is calculated using the Peng-Robinson 
Equation [21]. The gas-phase composition y1 becomes unity when Equation (2.1) is 
applied in the calculation of a pure component. The uncertainty of the pure species 
isotherm data obtained in this study is less than 0.2%. 
In the flow-through desorption method for binary isotherm measurement, a gas 
mixture of known composition flows through the sample in the adsorption chamber, 
at a set condition of system pressure and temperature. Two mass-flow controllers 
(Brooks type 5850), a back-pressure controller (Brooks type 5866), and a read 
out/control device (Brooks type 0154) are used to maintain a constant gas 
composition and a constant system pressure. The composition of the gas leaving the 
adsorption chamber is measured with a gas chromatograph (Shimadzu GC-14B, 
equipped with a thermal conductivity detector). The gas mixture continues to flow 
through the adsorption chamber until adsorption equilibrium is attained, which is 
defined to be when the inlet and outlet gas streams of the adsorption chamber have 
equal compositions (to within experimental error) for at least 1 h. Then, both the 
adsorbed material and the gas-phase contents of the adsorption chamber are 
transferred to the previously evacuated desorption chamber (of known volume) by 
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heating the adsorption chamber at the regeneration temperature of the adsorbent and 
cooling the desorption chamber with liquid nitrogen. After desorption has been 
complete for about 2 h and the desorption chamber temperature has returned to 
ambient temperature overnight, the desorption chamber pressure is recorded and the 
composition of the mixture in the chamber is analyzed with the gas chromatograph. 
The number of moles of each component adsorbed is determined by subtracting the 
number of moles in the void space of the adsorption chamber from the number of 
moles of that component in the desorption chamber. The uncertainty of the binary 
isotherm data obtained in this study is less than 1.5%. 
2.1.2 Microcalorimeter 
A Tian-Calvet type microcalori meter was designed and constructed in our laboratory 
following the original design of a microcalonmeter for chemisorption studies by 
Parrillo and Gorte [3, 22]. A schematic diagram of the microcalorimeter is shown in 
Figure 2.3. A cubic Pyrex glass cell, with a volume about 20 cm 3 , is used as the 
adsorber. The sample is placed on the bottom of the cell. The cell is surrounded on the 
bottom and the four sides by five square thermal-flux meters. The cell and the flux 
meters are placed inside a large aluminium block to allow rapid heat dissipation 
whilst minimising the temperature variation of the system. 3.0 g of glass beads are 
placed on top of the samples to minimise the loss of heat in an upward direction. The 
flux meters, type C-702, supplied by the International Thermal Instrument Company 
are connected in series and generate a voltage signal, proportional to the instantaneous 
heat flux, during an adsorption or a desorption process. The area under the signal, 
obtained by numerical integration using the trapezoidal rule, is proportional to the 
amount of heat absorbed or released. The output signal generated by the flux meters is 
collected by a PC-controlled data-shuttle from Omega Ltd. The cell is connected to a 
gas dosing loop by a Valco six-way valve. An Omega PX425 pressure transducer is 
connected to the cell since the dead volume of the pressure transducer is small, so it 
does not add much of the dead volume of the cell. All the above-mentioned 
components are placed in an isothermal calorimetric unit. The temperature inside the 
calorimetric unit is controlled by a heater connected to a K-type thermopile, supplied 
by RS Components Limited. The Valco six-way valve connects the cell, the dosing 
loop and the reference cell. An MKS (type 626) absolute pressure transducer is used 
to measure the pressure in the reference cell and the dosing loop. In a binary mixture 
experiment, the gas phase composition is determined by a Leybold Inficon TSP 
C100F residual gas analyser (RGA), with trace amounts of gas introduced by a 
Granville-Phillips 203 leak valve. 
VENT 
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Figure 2.3: Schematic diagram of the microcalorimeter. 
The pure-gas adsorption isotherm is obtained by a static volumetric technique, as for 
the high-pressure apparatus, described above. At the same time as the amount 
adsorbed is measured, the heat of adsorption is determined by evaluating the signal 
generated by the five flux meters. Before each adsorption measurement, the 
calorimeter is run for about 10 minutes, and the signal from the series of the flux 
meters is collected, recorded and averaged. If the starting value, ending value and the 
average value of the signal in this 10 minute period are consistent with each other (i.e. 
within the error of less than 1%), then the average value of the signal is assumed to be 
the baseline for the next adsorption or desorption measurement. After the baseline is 
equilibrated and recorded, a certain amount of gas is introduced into the glass cell. 
The heat of adsorption released generates a signal from the flux meters which is 
recorded until the value of the signal returns to the baseline. In this type of 
microcalori meter, the heat measured is the differential heat of adsorption rather than 
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the isosteric heat of adsorption [3], therefore Equation (1.11) is applied to correlate 
the two types of heats of adsorption. 
In a binary-mixture adsorption experiment with the calorimeter, the less strongly 
adsorbed gas (gas 1) is introduced to the adsorber first to get the amount adsorbed and 
the differential heat of adsorption for this species; then the strongly adsorbed gas (gas 
2) is introduced into the adsorber. The total amount adsorbed increases, and the bulk-
gas and adsorbed phase compositions change. This process is repeated as successive 
doses of the two gases are added. For the addition of a dose of Gas 1 in step i, the 
heat, Q, generated in this step is related to the individual differential heat of 
adsorption of the two components by: 
	
= 	+ q 2 _ 1 An2 	 2.2 
where An, 1 and Jn2j are the incremental adsorption and desorption of the two gases, 
which are obtained by applying the gas equation of state, shown in Equation (2.1); 
q1, 1 is the individual differential heat of adsorption of component 1 in this step, while 
qd2,I-1 is assumed to be the value of the previous dose of the pure Gas 2, since the 
incremental adsorption and desorption of the Gas 2 is quite small in this step. 
Similarly, for the addition of a dose of Gas 2 in step j, the heat, Q, generated in this 
process is related to the individual differential heat of adsorption of the two 
components by: 
Qj = 	+ qd2J n2J 
	 2.3 
Therefore, the individual isosteric heat of adsorption in a binary mixture adsorption 
experiment can thus be obtained by the Equations (1.11), (2.2) and (2.3). 
Therefore the binary mixture adsorption experiments with the microcalorimeter were 
carried out with a successive dose of different adsorbate into the adsorber of the 
calorimeter. The starting point is always a dose of the weakly adsorbed adsorbate 
(Gas 1), and this gives the isosteric heat of adsorption of the pure-component 
adsorption; then a dose of the second adsorbate (Gas 2) increases the system pressure, 
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so the total amount adsorbed increases but the gas-phase and adsorbed-phased 
compositions vary. When Gas 1 is introduced into the adsorber, both Gas 2 and Gas 1 
adsorb at the same time since the system pressure increases; and the adsorption 
system is now at a non-equilibrium state, so Gas 2 will have to desorb to reach the 
final equilibrium state. This can be confirmed by the signal from the five heat-flux 
meters indicating the heat released during a dose of Gas 1 in Figure 2.4. The heat 
signal increases sharply at the beginning of the dose, and decreases slowly as time 
goes on; but the signal goes down to a value smaller than the baseline for some time 
before it finally come back to the baseline. These negative values are caused by the 
desorption of Gas 2. This phenomenon can also give a reason about the why the errors 
for the isosteric heat of adsorption are bigger comparing to the adsorption isotherms, 
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Figure 2.4: Signal from the heat-flux meters with a loading of the strongly adsorbed 
component in a binary mixture adsorption experiment with the microcalonmeter. 
The sample regeneration procedure is the same as that for the high-pressure apparatus. 
The uncertainty in the pure-gas and binary isotherm data obtained with the 
calorimeter is less than 0.2% and 1.5%, respectively. The uncertainty in the isosteric 
heat of adsorption comes mainly from the stability of the baseline of the signal from 
the flux meters, which reflects fluctuations in the temperature of the calorimetric unit; 
this error is about 3%. 
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Prior to any measurements of the heat of adsorption with the microcalorimeter, the 
flux meters must be calibrated in order to convert the area under the signal to the 
amount of heat released or consumed during the experiment [3]. We used a self-
consistent method which involves evaluating the heat of adsorption of adsorption of 
CO2 in a series of pure-silica MCM-41 samples with different pore sizes. Adsorption 
isotherms of CO2 in MCM-41 at different temperatures were first obtained with the 
high-pressure volumetric apparatus, and the isosteric heat of adsorption of CO2 in 
MCM-41 samples were obtained by the Clausius-Clapeyron equation. Then the heat 
released in the adsorption process, Q, was calculated from 
Q = qAn = Kfm S Area 
	 2.4 
where An is the incremental adsorption of CO 2 , Kfi n is the calibration constant, and 
SA,,, is the area under the signal. The calibration constant for the calorimeter obtained 
in this way is 1.993 mJIW. This constant was then used to measure the isosteric heat 
of adsorption of ethane in the same MCM-41 materials, with excellent agreement 
between the values obtained with two methods (the Clausius-Clapeyron equation 
applied to the isotherm data and microcalorimetry). 
2.1.3 Materials 
The adsorbents studied in this thesis are MCM-41 and BPL activated carbon. MCM-
41 is a mesoporous material and BPL has microporous pores, but the pores in both 
materials are within the range of nanopores (1 A <pore size < 1000 A). MCM-41 is a 
member of the M41S family and since the discovery of M41S materials by Mobil in 
1992 [16, 17], they have attracted considerable attention because of their remarkable 
structure features, e.g. well-defined pore structures and shapes, narrow pore size 
distribution, negligible pore networking, large pore volumes, high surface area, and 
excellent thermal, hydrothermal, chemical and mechanical stability [23]. The material 
investigated best so far is MCM-41, which has cylindrical pores and well-defined 
structure characteristics [16, 17].  This regular, and geometrically simple, pore 
structure allows us to use MCM-41 as a model adsorbent to test our understanding of 
adsorption at molecular level and to evaluate methods for the prediction of 
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multicomponent adsorption equilibrium [6]. Figure 2.5 shows high-resolution 
transmission electron microscopy (TEM) images for two MCM-41 samples with 
different pore sizes. Clearly, MCM-41 possesses highly regular arrays of uniform 
channels that are hexagonally distributed. More details of the studies about MCM-41, 
including synthesis, characterization and applications, can be found in the review 
papers [23-251. 
t. .. 
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*riginal published by Kruk et al. (J. Phys. Cheyn. B, 2000, 104, 292). 
Activated carbon is the only commercial adsorbent used to perform separation or 
purification processes without requiring stringent moisture removal from the gas 
mixtures and it is one of the most widely used of the amorphous adsorbents [26]. 
Different to the pores in MCM-41, activated carbon has wide range distributions of 
slit-shaped pores. Therefore these two adsorbents are studied in this study. 
Three pure-silica MCM-41 samples with different pore diameters were supplied by 
Chonnam National University, South Korea, who prepared the samples following the 
synthesis procedures that are described in refs [6, 16, 17]. The samples are designated 
M41Cn, where ii is the number of carbon atoms in the alkyl chain of the surfactant 
molecules in the micellar template used to produce the materials; we have studied 
M41C14, M41C16 and M41C22. 
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The samples were characterized by X-ray Diffraction (XRD, Siemens D5000) and the 
XRD pattern of M41C16 is shown in Figure 2.6 as an example. The XRD diffraction 
pattern shows four peaks, which are typical of MCM-41 materials, and good 
crystallinity can also be observed. Standard nitrogen adsorption measurements were 
carried out at 77.35 K (using a Micromeritics ASAP 2010) and the adsorption 
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Figure 2.7: Adsorption isotherms of nitrogen in three MCM-41 samples at 77.35 K. 












Table 2.1 Properties of MCM-41, characterised by the analysis of nitrogen adsorption 






M41C14 1013.7 26.96 0.887 
M41C16 1047.2 30.06 1.012 
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Figure 2.8: Linear relationship between the number of carbon number of the 
surfactant molecules with the BJH pore diameter. 
None of the isotherms shows adsorption hysteresis, although a rapid increase due to 
capillary condensation is observed in each case, suggesting that these three MCM-41 
samples have very narrow pore size distributions. An increase in the pore size leads to 
a shift in this condensation to higher relative pressures. The BET surface specific area 
and BJH average pore diameters were calculated from the nitrogen adsorption data by 
the standard methods, and the results are shown in Table 2.1. The BET surface areas 
are all around 1000 m 2/g for the three samples, a typical value for MCM-41. As 
MCM-41 is synthesised by a "liquid-crystal templating" (LCT) mechanism [17], there 
must be a relationship between the size of the surfactant (template) molecules and the 
pore diameter (Figure 2.8). As it was expected, the calculated BJH pore diameter 
increases as the number of carbon atoms of the surfactant template increases from 14 
to 22. The calculated BJH pore volume per unit mass also increases with the number 
of carbon atoms. Since the three templating materials are the same except for the 
number of carbon atoms in the micellar template, a good linear relationship between 
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the pore diameter and the number of carbon atoms of the template suggests that the 
same templating process occurs for each sample. 
A standard comparative adsorption method, the a,-plot, was applied to study the 
mesoporosity of the MCM-41 samples. The a s-plot method is one of the many 
equivalent comparative methods employed to study the surface area, external surface 
area, micropore volume, and primary mesopore volume of the adsorbents under study 
[27]. It is a method that plots the amount adsorbed on the porous solid under study as 
a function of the amount adsorbed on a reference solid. Usually, a macroporous 
reference adsorbent which has similar surface properties of the adsorbents under study 
is chosen. Macroporous silicas were successfully used as a reference in the 
characterization of novel ordered mesoporous silicas (ref. [27] and references within). 
In this study, the nitrogen adsorption data on LiChrospher Si-1000 silica [27] are 
selected since it is essentially amorphous and free from crystalline constituents, 
similar to the MCM-41 samples. 
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Figure 2.9: Comparative a s-plot of nitrogen adsorption in M41C14 at 77.35 K. 
Figure 2.9 shows the a,-plot of nitrogen adsorption in M41C14 at 77.35 K as an 
example. In the case of the mesoporous materials, such as MCM-41, the initial part 
(Region A) of the comparative a 5-plot indicates the existence of micropores in the 
adsorbent. A good linearity shows the absence of micropores in the adsorbent. Then 
the plot shows an upward deviation from linearity in the capillary condensation region 
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and levels off and shows another linear section (Region B) when the mesopores are 
already filled with the adsorbate [27, 28]. The slope of the first linear part in Region A 
can be used to calculate the total surface area and the slope of the second linear part in 
Region B is used to obtain the external surface area. The difference between the total 
surface and the external surface area is the surface area of the mesopores in the 
adsorbent. The intercept of the second linear part indicates the mesopore volume. If 
the mesopores in the adsorbent are assumed to be cylindrical, the pore diameter can 
be obtained by: 
D = 4V / S 
	
2.5 
where D is the diameter of the pore, and V and S are the mesopore volume and the 
surface area of the mesopores, respectively. Excellent linearity is found for the initial 
part (Region A) of the a s-plot, shown in Figure 2.9, which indicates that there are no 
micropores in the three MCM-41 samples under study. The results of the total and 
external surface area, the mesopore volume, and the cylindrical pore diameter of the 
MCM-41 samples obtained by the analysis of the a s-plot are summarized in Table 2.2. 
Table 2.2 Results from the as-plot analysis for nitrogen isotherms in MCM-41 
Sample Total Surface 
Area, in21g 
External Surface 





M41C14 984.1 29.66 0.729 30.56 
M41C16 1060.2 49.50 0.833 32.96 
M41C22 945.2 100.27 0.930 44.02 
MCM-41 mesoporous materials are highly dispersed amorphous powders. In a 
benchscale adsorption experiment, such a powdery sample needs to be compacted 
with a high pressure into pellets because powdery samples will otherwise cause an 
undesirable pressure drop in the adsorber. The mechanical stability of MCM-41 was 
studied by Gusev et al. [29] using nitrogen adsorption and XRD analysis, and it was 
found that the ordered structure of pure silica MCM-41 can be drastically altered by 
external pressures at pressure of 86 IVIPa and eventually destroyed at a very high 
pressure of 224 MPa. To minimize structural alteration, the samples were compressed 
by using a hand-operated press (Spectroscopy Central) with a relatively small external 
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pressure of 2 MPa for about 2 s. Then the compressed MCM-41 samples were 
crushed to 10-12 mesh and calcined at 500 °C for 12 h, 200 °C for 4 h, and 120 °C for 
2 h, in sequence, prior to use. It is found that the preparation of the samples had little 
effect on the structure of the MCM-41 materials [6]. 
Microporous BPL activated carbon (6x 16 mesh) was supplied by Calgon Carbon 
Corporation, Pittsburgh. The specific BET surface area and average pore size for this 
sample are 1060.6 m 2  /g and 10.17 A respectively, obtained by evaluating the standard 
nitrogen adsorption isotherm at 77.35 K. Figure 2.10 shows the adsorption isotherm 
of nitrogen in the BPL at 77.35 K. This is a type I isotherm, showing that this BPL 
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Figure 2.10: Adsorption isotherms of nitrogen in the BPL activated carbon at 77.35 K. 
The methane, ethane and CO2 gases were supplied from BOC with a purity of 
99.99%. The gases were dried with 5A molecular sieves packed in cylinders before 
they eventually enter the adsorption apparatuses. 
2.2 Thermodynamics 
The aim of thermodynamics in this context is to exploit the mathematical relationship 
between different macroscopic properties of adsorption systems in equilibrium. 
W. 
Therefore thermodynamics is not concerned with the molecular description of a 
system, but rather with using experimental data measured at a macroscopic level as 
inputs to describe the system equilibrium. In studying adsorption, many different 
models for multicomponent adsorption equilibrium have been proposed already. Ideal 
Adsorption Solution Theory (lAST) [30] is one of the most widely used 
thermodynamic models to study adsorption equilibrium, and it is used in this thesis 
for the predictions of binary adsorption equilibrium data, including adsorption 
isotherms and the isosteric heat, using as inputs the data for pure-gas adsorption 
equilibrium at the temperature of interest. 
2.2.1 Ideal Adsorption Solution Theory 
lAST [4, 30] is based on the assumption that the adsorbed mixture is an ideal solution 
at constant spreading pressure and temperature. Deviations from lAST might result 
from the chemical dissimilarity of the adsorptive or from the heterogeneity of the 
adsorbent [19]. 
The following three equations are the main equations for the lAST calculations for the 
prediction of mixture adsorption isotherms with the inputs of the pure-gas isotherms 
only: 
f, =xf°OT) 	 2.6 
--= in.dlnf. 	 2.7 
RT 
2.8 
where f, is the fugacity of component i in the bulk gas phase; f° is the standard-state 
fugacity, that is the fugacity of pure component i at the mixture spreading pressure, r, 
when the adsorbed and bulk gas phase are in equilibrium; nt and n,° are the total 
amount adsorbed and the amount adsorbed of component i at the standard-state 
pressure, respectively; and A is the surface area of the adsorbent. 
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Karavias and Myers [9] and Dunne et al. [4] proposed a method to calculate the 
individual heats of adsorption qsr,j  in a mixture adsorption equilibrium, and this 
method is used in this study. The individual heats of adsorption in a mixture 
adsorption equilibrium can be calculated with [4]. 
x S0 n1o(q1  —Ah10) 	
2.9 n,°(q, —AhI) = 
M 1° is obtained by integration of the isosteric heat of adsorption with respect to the 
amount adsorbed, 
.f' qçdn' Ah° = 	 2.10 




alnn1 - 	 ]T 	
2.11 
is obtained from the slope of the adsorption isotherm on a log-log plot. 
2.2.2 Thermodynamic Consistency Tests 
It is quite difficult and time-consuming to obtain multicomponent adsorption 
equilibrium data experimentally, and sometimes the multicomponent experimental 
data differ to each other. Figure 2.11 shows two sets of experimental selectivity of 
ethane over methane in BPL activated carbon at 301.4 K. Our experimental data of 
selectivity of ethane over methane in BPL at 301.4 K is much higher than that of 
Reich et al. [31]. Therefore the multicomponent adsorption equilibrium data must be 
evaluated first with stand thermodynamics and the thermodynamic consistency of the 
data need to be checked before they could be used to evaluate the theory. 
US 
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Figure 2.11: Comparison of the selectivity of ethane over methane in BPL at 301.4 K 
between our study and the work of Reich et al. [31 ]. 
Talu and Myers [32, 33] have listed a number of tests of thermodynamic consistency 
for multicomponent adsorption systems. While thermodynamic consistency does not 
guarantee the accuracy of mixture data, it does give confidence of the accuracy of the 
data. The following three consistency tests (CTs) were used in this work: 
CT1 Multicomponent adsorption isotherms should display continuity with single-gas 
isotherms. At fixed temperature and pressure, the total amount adsorbed from a 
binary mixture must approach the respective pure-component values at the 
composition end points (i.e. when gas-phase mole fraction of one or other 
component approaches unity). 
CT2 At fixed temperature and pressure, the x-y and selectivity curves of all 
thermodynamically consistent models, e.g. lAST, must cross the experimental 
curves at least once. The selectivity is defined in Equation (1.1), and is re-
represented here: 
- 





Note that the selectivity is given by the ratio of the adsorbed phase fraction to 
the gas-phase composition, it is more sensitive to statistical error than the 
composition itself. 
CT3 The selectivity must approach the values determined by the Henry's constants at 
zero pressure, which is given by the following equation: 
urn S1' . 	 2.13
Hi 
where H1 , is the Henry's constant of component i. 
Besides these three CTs, lAST predictions serve as a thermodynamic test of the data 
consistency and as a method to predict the mixed-gas adsorption. lAST is itself 
thermodynamically consistent, so that experimental data closely following lAST are 
themselves consistent. These three thermodynamic consistency tests and the lAST 
predictions will be used to study the adsorption of binary methane/ethane mixtures in 
BPL, and the results will be shown in Chapter 4. 
2.3 Molecular Simulation 
Molecular simulation provides an alternative to thermodynamics that is capable of 
predicting pure-gas and multicomponent adsorption equilibrium. Thermodynamics 
studies adsorption in a macroscopic way, while molecular simulation probes the 
adsorption system microscopically. Molecular simulation has developed very quickly 
since the first simulation was reported in 1953 by Metropolis et al. [34], due to the 
dramatic increase in the speed and the availability of computers. Today it is a widely 
used research tool in many branches of science, including the study of adsorption. The 
principles of molecular simulation can be found in refs. [35, 36]. Here is a brief 
summary. 
The microscopic properties of a given system, such as the position and momenta of 
each molecule in the system, vary with time. At any point in time, they can be used to 
calculate the instantaneous properties such as the pressure, the total number of 
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molecules or the internal energy within the system. These values can then be used to 
give the corresponding macroscopic properties, integrated over time. This is the basis 
of molecular dynamics (MD) simulation technique, which solves Newton's equations 
of motions for all the molecules in an adsorption system as a function of time, as in 
real experiments. MD gives the dynamic properties of the systems studied, that is, the 
positions and momenta of the adsorbate molecules in the pores, as well as the 
macroscopic equilibrium properties, such as the pressure. However, MID simulations 
are relatively time-consuming to apply since the computations in a MID simulation, 
such as the positions and the momenta of each adsorbate molecule in the pore and so 
on, are tremendous. In this thesis, we are only interested in the properties at 
equilibrium, therefore, molecular dynamics is not considered in this thesis. 
2.3.1 Statistical Mechanics and Ensemble Theory 
Statistical mechanics provides a molecular interpretation of the equilibrium properties 
of the macroscopic systems. Thus it enables the construction of a microscopic system 
corresponding to a set of macroscopic variables. The macroscopic properties of a 
certain thermodynamic system arise as a result of time averaging of the properties of 
individual microscopic states. Instead of using a time average to determine the 
macroscopic properties of a thermodynamic system, as in real experiments, Gibbs 
[37] proposed a method to calculate the macroscopic equilibrium properties from 
ensembles of microstates. A single microstate is a "snap-shot" of possible positions 
and momenta of all the molecules in the thermodynamic system, and an ensemble is 
defined as a collection of a very large set of possible microstates. Statistical 
mechanics provides the link between the properties of the microstates and the 
thermodynamic properties of the macroscopic system. The macroscopic properties 
can then be modelled as an ensemble average as the number of systems tends to 
infinity, using the following equation [38]: 
M = (M ) 
Ensemble = 	




where the summation extends over all the microstates in the ensemble, M is the 
equilibrium macroscopic properties of interest, M1 is the value of M in microstate i 
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and P, is the probability of observing the microstate in the ensemble. The probability 
of a microstate in an ensemble, P1 , depends only on its energy, i.e., that all microstates 
of the same energy occur with equal probability. 
The particular ensemble that is applied in simulation depends on the thermodynamic 
variables that are fixed. There are three commonly used ensembles, which are the 
microcanonical, the canonical and the grand canonical ensembles, each corresponding 
to different independent thermodynamic variables. In the microcanonical ensemble, 
the number of molecules (N), the volume (V) and the energy (E) are fixed, therefore 
all the microstates in this ensemble have the same probability of occurring. 
In the canonical ensemble, N, V and the temperature (7) are kept the constant. The 
energy in this ensemble can fluctuate, therefore the microstates will have different 
probabilities of occurrence. These probabilities vary according to the well-known 




where Ei is the energy of microstate i,,6 = 11(k7) and kB is the Boltzmann constant 
The sum in the denominator of the above equation, also called the canonical partition 
function (Q), is performed over all possible microstates and acts as a normalising 
factor. 
The grand canonical ensemble is most suited to solve adsorption problems, since V, T 
and the chemical potential (u) are fixed, and the number of molecules (N) in the 
ensemble can fluctuate. There are three conjugate pairs of variables in 
thermodynamics, which are (V. P), (T, E) and (a, N), respectively. In any ensemble, 
one from each pair must be fixed and the other can fluctuate. In a grand canonical 
ensemble, since li is fixed, therefore a grand canonical can give direct calculations of 
the extents of adsorption within model pores. The probability of the occurrence of a 
microstate depends not only on the energy, but also on the number of molecules of the 
microstate. It is given by [38]: 
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- exp[—fl(E(N,V)—jilv] 
- exp[—/3(E 1 (N,V)—,uN] 
	 2.16 
where the denominator on the right-hand side is the so-called grand canonical 
partition function (E). 
The above description uses the language of quantum statistical mechanics, since the 
energy states are quantised. However, most cases of practical interest are classical, in 
the sense that the number of energy states is so large that the discrete nature of the 
energy loses its significance. The classical limit of the equations presented above 
form the basis for the molecular simulation algorithms used in this thesis. 
2.3.2 Monte Carlo Integration 
Equation (2.14) can not be used directly because the number of microstates in an 
ensemble is sufficiently numerous in most thermodynamic systems. This problem is 
solved using the theory of Monte Carlo integration and the technique known as 
importance sampling, where microstates, although determined at random, are 
generated according to some probability density. An estimate of the macroscopic 
property of interest could then be to average a number of trial microstates. It is thus 
given by: 
M= < 
 Wi ) Trials
	 2.17 
where W1 is the probability of choosing microstate i to evaluate M and ço j is the 
probability density. This is the essence of the Monte Carlo integration technique. In 
the simplest Monte Carlo integration scheme, all trials are chosen at random, and 
Equation (2.17) becomes: 
= Q Microstate A, (0i ) Trials 
	 2.18 
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where nmicrostatc  is the total number of microstates in the ensemble. However, this 
method can not produce the desired results in most cases, since most of the time will 
be spent on microstates whose contribution to the average is negligible [36]. In these 
microstates, the molecules are overlapping with each other or with the pore wall, 
causing the energy of the microstate too high to be accepted. The contribution of a 
microstate can make to the macroscopic properties depends on its probability of 
occurring in the ensemble. Therefore, there exist certain configurations or microstates, 
which could be termed "important configurations", that occur with a much higher 
probability than others. Concentrating on these important configurations can then 
reduce the number of microstates needed for the calculation of the macroscopic 
properties. If the weighting distribution is set equal to çoj, the equilibrium macroscopic 
properties can be calculated by: 
2.19 
Trials 
This importance sampling technique cannot be used in a microcanonical ensemble 
because all the microstates in a microcanonical ensemble have the same energy. But it 
is used in a canonical or a grand canonical ensemble since each configuration has a 
different energy. 
The challenge to apply the importance sampling technique is that the microstates must 
be chosen proportionally to their probability of occurrence. Metropolis et al. [34] 
devised a method to do this by generating a suitable Markov chain of microstates. A 
Markov chain is a sequence of trials that satisfies two conditions [35]: (1) that the 
outcome of each trial belongs to a finite set of outcomes, and, (2) that the outcome of 
each trial depends only on the outcome of the trial that immediately precedes it. A 
defined distribution of the trials will be obtained with the generation of a Markov 
chain, which is the most important property of the Markov chains [36]. The limiting 
distribution of the Markov chain is set to equal the probability of observing a certain 
microstate in the ensemble, and thus Equation (2.18) can be applied. 
In the original Metropolis method, the Markov chain of states was generated using the 
condition of microscopic reversibility. This means that the probability of a change 
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occurring from state o to state n must be the same as the probability of a change 
occurring from state n to state o. These probabilities are given by the product of the 
probability of being in a given state, the probability of generating the new state (y) and 
the probability of accepting the change (n). Thus, the condition of microscopic 
reversibility implies that: 
(p0 y0_ 0 7r0_ 0  = (on Y0'0 
	 2.20 
The Metropolis recipe also states that y should be symmetric, so that ro,n =  y,,-,, and 
= 	 2.21 
ir0_ 0 q 0 
During each trial, the probabilities of occurrence of the new state ((pa) and the old state 
(ço0) are calculated and compared. If con > c°o then the new state is accepted 
unconditionally and the system moves toward the more probable configuration. On 
the other hand, if con < coo a random number is generated and the new state is accepted 
if this number is smaller than coIco. These "uphill" moves allow for fluctuations 
around the equilibrium state, and prevent the system from becoming trapped in some 
low-energy configuration. If the trial is rejected, the properties of the old state are 
recounted [36]. The types of Monte Carlo movements depend on the ensemble used. 
2.3.3 Model Pores 
Those outputs of Monte Carlo simulation that are thermodynamic quantities such as 
the adsorption isotherms and the isosteric heat of adsorption, depend heavily not only 
on the models of the adsorbent and adsorptives but also on the potential interactions 
among them, including fluid-fluid (intermolecular) and fluid-solid interactions. 
In Monte Carlo simulations, the best method to describe a model pore is to define the 
exact position for each atom that forms the network of the model pore. For crystalline 
materials, such as zeolites, these information are obtainable since the structures of the 
materials may be probed thoroughly by modem experimental techniques, such as 
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XRD, TEM, nuclear magnetic resonance (NMR) etc. In this way, the exact position of 
each atom in the network of the structures is known, therefore a detailed model pore 
may be proposed properly. For instance, the zeolite silicalite has a set of straight 
channels intersected by a set of zigzag channels. Talu and Myers [39] have applied 
such a molecular model pore to study the adsorption of helium, argon, methane and 
krypton in it and found quantitative agreement between simulation and experiments. 
But for non-crystalline or amorphous materials, the structures may not be studied 
thoroughly because of the nature of the materials and the limit of the experimental 
techniques. For example, there is not much information about exact position of each 
atoms in the pore structures of amorphous activated carbon. Therefore, some 
appropriate pore models that can grasp the main features of the pore structures may be 
proposed to represent the real materials. The model pore is usually represented in term 
of an appropriately shaped simulation pore to grasp as many main features of the 
materials as possible as long as this model can give good agreement with experiment. 
For example, 2.12 shows a slit-shaped rectangular model pore with the upper and 
lower surfaces (in the z direction in a Cartesian coordinate system) representing the 
pore walls, and with a well-defined pore width in the z direction, which is used in the 
simulations for activated carbons. Together with a pore size distribution (PSD) model, 
these structureless slit-shaped models give excellent predictions for adsorption in 
activated carbons [18, 19, 40]. This slit-shaped model together with the PSD 
distribution will be applied in Chapter 4 to study the adsorption of methane and 
ethane in BPL activated carbon. 
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Figure 2.12: A slit-shaped model pore with walls composed of graphite layers. 
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Model pores can be designed to study different aspects of the heterogeneity of the 
adsorbent. For example, Nicholson [14] has applied thermally disordered surfaces that 
were roughened on an atomic scale model to study the energetic heterogeneity, and a 
smooth walled slit pores with a range of pore sizes to study the structural 
heterogeneity of activated carbon materials. He showed the influence of the different 
types of heterogeneity on the isosteric heat of methane and CO2 in slit pores. In this 
thesis, the energetic heterogeneity for MCM-41 will be studied in Section 3.31 using 
three cylindrical pore models with different extent of surface roughness and 
heterogeneity. The above-mentioned PSD model of slit-shaped structureless models 
of different sizes is an example of the structural heterogeneity of the activated 
carbons. 
Figure 2.13: Periodic boundary conditions in a cross-section of a slit-pore. The pore 
structure is also periodic into and out of the page. 
Monte Carlo simulation aims to provide the macroscopic properties of a particular 
system, but most simulations probe the structural and thermodynamic properties of 
the system with only a few hundred or thousand atoms. This is far from enough to 
represent the real materials. Therefore, in order to eliminate finite-size effects, the 
main simulation cell is duplicated in one, or two or even three dimensions, depending 
on the systems studied, to make an infinite periodic system. For instance, for a slit-
shaped pore bounded in the z direction, the cell is replicated in the x and y directions. 
Therefore, if a molecule leaves the centre box then one of its images will enter 
through the opposing face (see Figure 2.13). Although the actual simulation cell has 
finite x and y dimensions, the periodic boundary conditions imply that the pore is 
effectually infinite in these directions. These periodic boundary conditions are merely 
a technique that allows for a large systems to be simulated effectively using only a 
small number of molecules. Therefore, care must be taken to ensure that the artificial 
periodicity that is imposed upon the system does not affect the final outcome of the 
simulation. 
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2.3.4 Interaction Potentials 
The occurrence of a microstate or a configuration in Monte Carlo simulation depends 
on its energy, therefore suitable interaction potentials are needed to account for the 
intermolecular (adsorbate-adsorbate) interactions, ii,  and for the adsorbent-adsorbate 
interactions, uj-. This section summarizes the intermolecular interaction potentials 
only, and the interaction potentials between different adsorptives with different 
models of MCM-41 and BPL activated carbon are shown in Chapter 3 and Chapter 4, 
respectively. 
For the intermolecular interactions of non-polar gases, such as methane and ethane, 
the intermolecular potential between two sites on an adsorbate molecule, u,rj('rj), can 
be obtained using the famous 12-6 Lennard-Jones potential: 
12 	/ 	\61 
Uff (,) = 4-Off[[L ) -" 
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where rij is the distance between two interaction sites i and j, and uff are Eff the 
parameters for effective molecular diameter and the potential well depth, respectively. 
The Lennard-Jones potential has a long-range attractive term of the form —1/ r6 , and 
a short-range repulsion, 1/ r'2 . In this work, methane has been modelled as a single 
site "united atom" and ethane as a two-site molecule. Table 2.3 summarises the 
Lennard-Jones parameters for methane and ethane. 
Table 2.3. Lennard-Jones parameters for methane and ethane 
6/kB, 	K o, A 
	
CH4 (ref. [411) 	148.2 3.81 
- C 21­16 (ref. [42]) 139.8 	 3.5 12 
The ethane inter-atomic bond length is 2.353 A [42]. The mixed parameters are 






= j-'1-'2 	 2.24 
giving a = 3.66 A and e = 143.9 K for methane-ethane potential interactions. 
As described in Section 2.3.3, when the periodic boundary conditions are applied in a 
Monte Carlo simulation to mimic the presence of an infinite bulk surrounding or the 
infinite (or semi-infinite) model pore structures, the main simulation cell is duplicated 
in one, or two or even three dimensions (see Figure 2.13). But in doing so, the 
calculations for the potential between a molecule in the model pore with the other 
molecules will be an infinite form, since there are infinite images of each particle. 
Since the total potential energy of a given particle is dominated by interactions with 
the closest neighbouring particles, and taking into account that the error for the results 
of the potential on ignoring the interactions with further images can be made 
arbitrarily small by choosing a "cut-off distance" large enough, it is a good 
approximation to only count for the intermolecular interaction within that distance. To 
make the calculations for the potential more accurate, the minimum image convention 
is usually applied to significantly reduce the time of computation and to minimise the 
influence of the finite size of the model pores [35]. Figure 2.14 shows the minimum 
image convention and the maximum cut-off distance for the calculation of potential. 
Figure 2.14: A schematic diagram illustrating the "minimum image convention" and 
the maximum cut-off distance. 
For polar and quadrupolar gases, such as water vapour and some models of CO 2. the 
coulomb interaction between the different charges on the molecules must be included. 
An one-dimensional summation will be proposed to account for the long-ranged 
electrostatic interaction between different CO2 molecules in a one-dimensional 
channel, which will be shown in Section 3.3.4. 
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2.3.5 Grand Canonical Monte Carlo Simulation 
As shown in Section 2.3.2, in a GCMC simulation, the T, V and p are kept constant 
and used as inputs, as in a real adsorption experiment. The chemical potential is 
related to the bulk pressure and composition by the equation of state. Since the Peng-
Robinson equation was used in the analysis of experimental data and in lAST, shown 
in the previous section of this chapter, and it gives quite accurate results, it is also 
used in the GCMC simulation. 
In a GCMC simulation, the Markov chain of microstates is generated by modifying 
the present microstate by carrying out one of the following four Monte Carlo (MC) 
trials: 
Moving a randomly selected molecule. This includes both translational and 
rotational moves. 
Creating a molecule at a random position within the simulation cell. 
Deleting a molecule selected at random. 
Swapping the identity of a randomly selected molecule in the case of the 
simulation of mixtures. 
Table 2.4 Summary of the acceptance criteria for MC trials [26]. 
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In a GCMC simulation, the probability of MC creation of a molecule in the model 
pore and MC deletion must be kept the same in order to maintain the microstate 
reversibility (see Section 2.3.2). In this thesis, the 3 MC trials in a pure-gas simulation 
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or 4 MC trials in a multicomponent adsorption simulation were chosen with an equal 
probability. The modified microstate is accepted as the next microstate in the Markov 
chain based on acceptance criteria, which are determined by energy difference based 
on the Boltzmann factor for the simulation of the physical adsorption of gases in 
solids without any chemical transforms, otherwise the original microstate restored and 
counted again. The probability of accepting these trials can be calculated using 
Equation (2.20). The criteria for accepting each trial are then given in Table 2.4 [26]. 
In the above expressions, au,,,, is the potential energy change as the system moves 
from state o to state n, subscript i refers to the old molecular species and subscript j 
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Figure 2.15: Plot of number of CO 2 molecules adsorbed in each block in MCM-41. 
In the GCMC simulations of this thesis, except where noted, the initial configuration 
of the molecules in the model pore is generated by placing 10 molecules randomly in 
it. The system is then allowed to equilibrate by taking an equilibrium period consisted 
of 107 MC steps. Once the system has reached the equilibrium state, the quantities of 
interest (in particular, the number of molecules adsorbed, N) are sampled. A sampling 
period of 107 MC steps is then taken to get a statistical value for the quantities of 
interest. The statistical uncertainties in the results were estimated by dividing the 
sampling period into 20 blocks and calculating the standard deviation of the global 
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average. Figure 2.15 shows the simulated number of CO2 molecules adsorbed in each 
block in MCM-41 at 1.6 MPa. The average number of CO 2 adsorbed over the 20 
blocks is 274.9 with an error of 3%, calculated using the t-test. The accuracy of the 
output of a GCMC simulation depends on the number of MC steps, the more the MC 
steps are, the more accurate the simulated results will be. 
Figure 2.16 shows a typical plot of the total number of molecules in the pore as a 
function of the number of MC steps. In all the simulations performed in this thesis, 
107  MC steps in the sampling period is sufficient to make the relative error in the 
amount adsorbed at most 3% (in most cases, this error was around 1 or 2%). The final 
equilibrium configuration of the molecules in the pore is then taken as the starting 
configuration for a higher pressure. After several GCMC simulations for a series of 
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Figure 2.16: Plot of the average number of ethane molecules adsorbed as a function of 
the number of MC steps during the course of a typical simulation run. 
Besides the adsorption isotherms, a GCMC simulation can also give the results of the 





where U is the simulated internal energy of the adsorption system. Avogadro's 
number, NA,  converts from the heat per molecule to the heat per mole. The angle 
brackets stand for the averages over the GCMC steps. 
2.3.6 Canonical Monte Carlo Simulation 
Similar to a GCMC simulation, a Canonical Monte Carlo (CMC) simulation typically 
starts with a randomly generated non-equilibrium configuration and equilibrates by 
taking the MC trials for the molecules in the model pore. The only possible MC trial 
in a CMC simulation is to move a molecule randomly in the model pore since the 
number of molecules in the canonical ensemble is fixed. Similar to a GCMC 
simulation, a CMC simulation is also divided into an equilibration period consisted of 
107 MC steps and a sampling period of another 10 7 MC steps. The errors are obtained 
using the same method as that in a GCMC simulation, mentioned above. In this thesis, 
a CMC simulation is run to obtain the configurational internal energy of the 
adsorbate, U, which is then used to calculate the isosteric heat of adsorption [20, 44]. 
Vuong and Monson [44] proposed a method of numerical differentiation of the 
configurational internal energy to obtain the isosteric heat and found that this method 
gives better results than the grand ensemble fluctuation theory [5] (Equation 2.25). 
The isosteric heat of adsorption obtained by this numerical differentiation method is 
given by: 
q st  = RT - N A [J1_J 	 2.26 
2.3.7 Absolute and Excess Adsorption 
Monte Carlo simulations generate absolute adsorption data, i.e. the actual number of 
molecules present in the simulated pore space and the total internal energy of these 
molecules. In contrast, the experimental results, whether obtained by volumetric or 
gravimetnc methods, are Gibbs excess properties [8]. Therefore, the simulation 
results must be converted to their excess counterparts before they can be compared 
with the experimental data [20]. 
The excess amount adsorbed, n, is obtained by subtracting the number of molecules 
that present in the pore at the density of the bulk gas without adsorption, n1 , from the 
absolute adsorption, at2s•  Thus, ex  is given by: 
ex 	abs pbV 	 2.27 
where V is the accessible volume in the simulation box, and p" is the bulk density at 
the same conditions, which is calculated using the Peng-Robinson Equation of state. 
Figure 2.17 shows the comparison between the simulated absolute and excess 






0 	500 	1000 	1500 	2000 	2500 	3000 
Pressure, kPa 
Figure 2.17: Comparison of simulated absolute and excess adsorption isotherms. 
V is determined by simulating the adsorption of helium in the pores at low pressures, 
mimicking the experimental method of determining the void volume, as shown in 
Section 2.1.1. The accessible volume can also be calculated geometrically when the 
model pores are geometrically simple. For instance, the accessible volume of a slit-
shaped pore is given by the following equation: 
1 	0 	 W PW V= (W-  
 w ~ wspw 	
2.28 
where w is the pore width between the center of the first layer of carbon atoms in the 
opposite walls and w p,, is the smallest pore in which adsorption takes place. A is the 
area of one of the rectangular pore walls. This method is used in Chapter 4 for the 
simulation of binary methane/ethane in the slit-shaped model of BPL activated 
carbons. Besides the above-mentioned two methods, in this thesis, a MC integration 
method is applied to obtain the exact volume of the model pore for the models of 
different MCM-4 1, which will be shown in Chapter 3. 
The absolute total internal energy of the adsorbate [20, 44], 
(]S,  also needs to be 
converted to its excess counterpart, U, in order to compare the simulated and 
experimental values of the isosteric heats. The difference between the absolute and 










2.3.8 The "Average Internal Energy" of a non-adsorbing molecule 
We have developed an "Average Internal Energy (ATE)" approach to relate 
jabs  and 
U" ,  in order to calculate the excess isosteric heat of adsorption, qex from Equation St 
(2.26). This approach is analogous to the conversion between absolute and excess 
amounts adsorbed using the bulk-gas density in Equation (2.27). At a sufficiently low 
density, the hypothetical non-adsorbing molecules, at the bulk-gas density, can be 
assumed to be distributed uniformly across the accessible space of the model pore. 
Therefore, the AlE of a non-adsorbing molecule in the pore is defined as the statistical 
average of the adsorption potential of all the possible configurations of a single 
adsorptive molecule inserted into the model pore; in effect, these molecules are 
sampling the adsorption energy, but are not influenced by it. The insertion of the 
molecule is accepted with a probability e_L kT where U is the interaction potential of 
the test molecule with the model pore; this corresponds to the usual Monte Carlo 
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acceptance criterion for a molecule moving into the model pore for the bulk gas 
phase, and is a pragmatic way to allow the non-adsorbed molecules to sample the 
accessible pore space, but without sampling unphysically large energies 
corresponding to overlap with the atoms of the adsorbent. The excess internal energy 
is then simply the difference between the absolute value and the AlE, /hLe. 
Uex = 
-jabs - u aiepbV 	 2.30 
2.4 Summary 
We have designed and constructed a Tian-Calvet type microcalorimeter to study the 
isostenc heat of adsorption experimentally, especially for binary mixtures. This 
apparatus and a high-pressure volumetric apparatus are used in this thesis to measure 
adsorption equilibrium in MCM-41 and BPL activated carbon experimentally. The 
high-pressure volumetric apparatus can be used to measure pure-gas and 
multicomponent adsorption isotherms in a wide range of temperature, from 260 K to 
373 K, and at pressures up to 3 MPa. The calorimeter can be used to not only measure 
the adsorption isotherms but also the isosteric heats. It can be used for pure-gas 
adsorption experiment and binary mixture adsorption experiment. 
The obtained pure-gas adsorption isotherms and isosteric heat of adsorption can then 
be used to predict the multicomponent adsorption equilibrium by lAST. lAST is used 
in this thesis since it is one of the widely used engineering thermodynamic methods, 
and it also provides a test for the thermodynamic consistency of the obtained binary 
gas adsorption experimental data. Besides lAST, some other thermodynamic 
consistency tests are also applied in this work to study the binary methane/ethane 
adsorption in BPL. 
Monte Carlo simulations, in particular the GCMC and CMC simulations, are used in 
this thesis to study the adsorption in MCM-41 and BPL. GCMC is one of the best 
simulation methods in predicting adsorption isotherms, both the pure-gas and the 
multicomponent adsorption isotherms, and it does not require as much information 
about the pure-gas adsorption isotherms as lAST does. CMC simulations are useful to 
calculate the internal energy between the adsorbate with the adsorbent, which are then 
used to calculate the isosteric heat of adsorption. 
Since the input data for lAST are the experimental pure-gas isotherms and isosteric 
heat, therefore the output date from lAST can then be used to evaluate the 
experimental multicomponent adsorption equilibrium directly. But in simulations, 
things are different, because Monte Carlo simulations generate the absolute 
adsorption, i.e. actual number of the molecules in the pore, while the experimental 
data are the excess values. Therefore methods for converting the simulated adsorption 
equilibrium, especially the absolute internal energy and absolute isosteric heat of 
adsorption, to the experimental counterparts are developed in this thesis. 
The triangle, i.e. experiments, thermodynamics and Monte Carlo simulations, for the 
study of adsorption is then closed in this work. 
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Chapter 3: 
Adsorption in MCM-41 
Since the discovery of MCM (Mobil Composition of Matter)-41 type materials in 
1992 by Mobil scientists [16, 17], they have attracted a lot of attention due to their 
remarkable features: well-defined pore shapes (with a cross section that is 
intermediate in shape between a hexagon and a cylinder); narrow distributions of pore 
sizes; unconnected straight pores; very high degree of pore ordering over micrometer 
length scales; tailoring and fine-tuning of the pore dimensions; large pore volumes; 
very high surface area; exceptional sorption capacity; large amount of internal 
hydroxyl groups; high surface reactivity; ease of modification of the surface 
properties; enhanced catalytic selectivity in certain reactions; and excellent thermal, 
hydrothermal, chemical and mechanical stability [23]. MCM-41 has a honeycomb 
structure that consists of a hexagonal array of long, unconnected cylindrical pores 
with diameters that can be tailored within the range 15 to 200 A depending on the 
templating surfactant materials used in the synthesis procedure. This regular, and 
geometrically simple, pore structure allows us to use MCM-41 as a model adsorbent 
to test our understanding of adsorption at molecular level and to evaluate methods for 
the prediction of multicomponent adsorption equilibrium [6]. 
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Figure 3.1: Liquid-crystal templating mechanism proposed by Beck et al. [17] (1) 
Liquid-crystal-phase-initiated. (2) silicate-anion-initiated. This figure was originally 
published by Beck et al. [17]. 
Soon after the discovery of MCM-41 type materials, Beck et al. [16, 17] proposed a 
"liquid-crystal templating" (LCT) mechanism for the synthesis of MCM-41. They 
01 
suggested two main pathways, in which either the liquid-crystal phase is intact before 
the silicate species are added (pathway 1) or the addition of the silicate results in the 
ordering of the subsequent silicate-encased surfactant micelles (pathway 2). Figure 
3.1 shows the two different pathways of the LCT mechanism for the synthesis of 
MCM-41, proposed by Beck et al. The original MCM-41 synthesis was carried out in 
water under alkaline conditions, but a large number of different synthesis procedures 
have been proposed since the discovery of MCM-41. An overview of the synthesis of 
MCM-41 type materials was recently given by Zhao et al. [24]. 
MCM-41 type materials have been extensively characterized by means of nitrogen 
and/or argon adsorption [15, 45-51], XRD [47-50, 52], TEM [17, 50, 52], small-angle 
X-ray/neutron scattering (SAXS/SANS) [23], NMR [17, 53, 541, and Fourier 
transform infrared spectroscopies (FT-IR) [53]. Studies suggest that MCM-41 has a 
very narrow pore size distribution (PSD), and that the pore wall is amorphous rather 
than crystalline, with a skeletal density similar to that of the amorphous silica [25], 
which is about 2.2 g/cm 3 . The hydrothermal [55] and mechanical [29] stability of the 
MCM-41 materials have been studied. The properties of MCM-41 suggest that it can 
be used as a novel adsorbent or catalyst or catalyst support, and it can be potentially 
applied in gas storage systems, VOC removal and liquid-phase adsorption [6]. 
Experimental studies of the adsorption of aromatics [17, 56-63], alcohols [57, 59, 61], 
ethylene [64, 65], CO2 [65-67], carbon tetrachloride [60, 68],  n-hexane [60, 61], 
methane [67], neopentane [61] and water vapour [57, 60, 63, 69] in MCM-41 have 
been reported. But records of multicomponent adsorption experiments in MCM-41 
are rare. Adsorption experiments of binary mixtures of methane/CO2 [67], 
methane/ethane [6], and dichloromethane/nitrogen [70] have been reported. 
Thermodynamics, in particular lAST [30], has been applied to study the adsorption of 
binary methane/ethane mixtures in MCM-41 [6].  It is found that binary 
methane/ethane mixtures behave ideally in MCM-41, demonstrating the usefulness of 
MCM-41 as a model system on which to evaluate methods for the prediction of 
adsorption equilibrium [6]. 
Molecular simulation, especially using the GCMC method, has proves to be a good 
method in studying adsorption in )4J.  Atomistic simulations of adsorption in 
(.::'5 
MCM-41 materials have been carried out for a number of adsorptives, such as pure 
nitrogen [71, 72], and binary mixtures of methane and CO 2 [67], dichioromethane and 
nitrogen [70], and methane and ethane [6]. Different models have been proposed for 
MCM-41, from the simplest, one-dimensional potential which is only a function of 
the distance of the adsorptive molecule from the center of the pore, to more complex 
models generated by a simulation of the MCM-41 matrix. Maddox and Gubbins [71] 
used a one-dimensional potential, in which the adsorbent is completely homogeneous, 
to simulate the adsorption of nitrogen in MCM-41. Maddox et al. [72] subsequently 
introduced a heterogeneous pore model, in which the MCM-41 structure was 
modelled as an amorphous array of oxygen atoms, each one interacting with 
adsorptive molecules via the Lennard-Jones potential. In their work, the pore wall was 
divided into eight equal sectors, and the oxygen-nitrogen interactions for all the 
oxygen atoms in each of the sectors were given a different Lennard-Jones energy. 
Koh et al. proposed a method to generate an MCM-41 model to study the binary 
mixtures of CO2 and methane [67], and dichioromethane and nitrogen [70]: silicon 
and oxygen atoms were inserted at random into a unit cell of a size determined by X-
ray diffraction until the correct density of atoms was obtained. Two criteria were used 
to decide if each randomly generated position was acceptable: that the position was 
neither within the free volume of the pore nor within 3 A of any of the other atoms. 
Yun et al. used a regular array of oxygen atoms arranged on a rectangular grid of 
three concentric cylinders to study the adsorption of methane-ethane binary mixtures 
in MCM-41 [6]. 
As outlined in Chapter 2, in this thesis, the adsorption of pure ethane, CO2 and their 
binary mixtures in the three siliceous MCM-41 samples with different pore diameters 
has been studied experimentally, thermodynamically and by molecular simulation. 
The high-pressure apparatus (Section 2.1.1) and the Tian-Calvet type 
microcalonmeter (Section 2.1.2) were used to measure the adsorption isotherms and 
the isosteric heats of both the pure-component and the binary mixtures experiments. 
lAST and GCMC simulation were carried out to predict the adsorption equilibrium of 
the same adsorption systems. 
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3.1 Experimental Results 
The adsorption of pure ethane and CO2 and their binary mixtures in the three pure-
silica MCM-41 samples with different pore diameters was studied with the high-
pressure apparatus. Pure-gas adsorption experiments were carried out at temperatures 
from 264.6 K to 303.2 K and pressures up to 3 MPa. Binary mixture experiments 
were carried out at 264.6 K, with gas-phase mole fractions of CO 2 of 12.4%, 47.1%, 
5 8.7% and 89.5%, and at pressures up to 2 MIPa. 
The Tian-Calvet type microcalorimeter was used to study the adsorption isotherms 
and the isosteric heat of pure methane, ethane and CO 2 in the MCM-41 samples. 
Adsorption experiments of the binary mixtures of the above-mentioned three gases 
were carried out to study the individual heat of adsorption in a binary mixture 
adsorption experiments. Both the pure-gas and the binary mixtures adsorption 
experiments in the calorimeter were carried out at temperatures about 297.6 K and at 
pressures up to 100 kPa. 
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Figure 3.2: Adsorption isotherms of pure ethane in three MCM-41 samples at 264.6 K 
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Figure 3.2 shows the adsorption isotherms of pure ethane in three pure-silica MCM-
41 samples at 264.6 K and at pressures up to 2.5 MiPa. These are typical type IV 
isotherms, according to the definition of IUPAC, with a rapid pore-filling step at 
moderate pressures. Clearly, it can be deduced from the diagram that the smaller the 
pore size is, the earlier (i.e. at a lower pressure) the rapid pore filling happens. In 
general, type IV isotherms show adsorption hysteresis in the capillary condensation 
region [1]. The occurrence of hysteresis in a single pore may be related to the 
differences in the geometry of the liquid-vapour meniscus in condensation and 
evaporation [73] or pore blocking effects in the real porous materials [74]. However, a 
lack of hysteresis suggests that the adsorption is under supercritical conditions. There 
is no hysteresis in all the ethane isotherms in MCM-41, confirmed by the coincidence 
of the adsorption and desorption isotherms (the desorption experiments were carried 
out after the adsorption process reached the full capacity; the results are omitted for 
clarity since the adsorption and desorption isotherms fully match with each other), 
which suggests that the adsorption of ethane in MCM-41 at 264.6 K is supercritical. 
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Figure 3.3: Adsorption isotherms of pure CO2 in three MCM-41 samples at 264.6 K 
Pure-0O 2 adsorption isotherms in MCM-41 samples at 264.6 K are shown in Figure 
3.3. The three pure-0O 2 adsorption isotherms in MCM-41 are nearly identical at low 
pressures, and the difference comes at higher pressures. As there is a technical 
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limitation on the outlet pressure of the gas cylinders, the highest possible gas-phase 
pressure is around 2.0 MPa. Therefore only the isotherm of pure CO2 in M41C14 
shows the pore-filling step. This is not to say that there is no pore-filling step of 
adsorption of CO2 in the other two samples, but only that the pressure is not high 
enough to show the effect. 
Several isotherm equations were applied to fit the experimental adsorption isotherms 
in order to get the best representation of the experimental data. This is essential for the 
calculation of the isosteric heat based on the Clausius-Clapeyron equation (Equation 
1.15) and for the application of the lAST in predicting the binary-mixture adsorption 
equilibrium (Equations 2.6 - 2.11). There is no fundamental restriction of the 
selection of different equations [6], as all that is required is that the equation provides 
a good fit of the data. Since the adsorption isotherms of pure ethane and CO2 in 
MCM-41 at 264.6 K have a complex shape, it is quite difficult and problematical to fit 
with a single isotherm equation. Therefore a piecewise technique was used to split the 
isotherms into different pressure ranges, and the isotherm part in each pressure range 
was fitted with a single isotherm equation. Here is the summary of the isotherm 
equations used in this study. 
~ KPJt ]_Ilt 





3.2 1+! Jensen-Seaton [76]: 	n = KP[ 	
m(1 + ) 
( 
3] 
Quadratic: 	 n=a+bP+cP2 	 3.3 
Cubic: 	 n=a+bP+cP2 +dP3 	 3.4 




Here n is the experimental amount adsorbed, P is the equilibrium pressure, and the 
remaining symbols are the fitting parameters for the different equations. In Equation 
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(3. 1), the Toth equation is written, not in its usual form, but using the parameters of 
the Jensen-Seaton equation, which is itself a generalization of the Toth equation. The 
Jensen-Seaton equation is a modified form of the Toth equation for adsorption in 
microporous adsorbents and it takes into account the compressibility of the adsorbed 
phase, K, therefore it gives a more accurate fit to the adsorption isotherms at high 
pressures than the Toth equation [76]. If K in the Jensen-Seaton equation is set to zero, 
it turns into the Toth equation. 
An adsorption isotherm is divided into several pieces depending on the shape of the 
isotherm, and in each piece the equation that gives the best fit is used. The Toth and 
Jensen-Seaton equations are used usually at low and moderate pressures, while the 6-
parameter equation is useful for the parts of the isotherm at high pressures, especially 
where the pore-filling happens. Tables 3.1 to 3.6 show the fitting equations and 
parameters for adsorption isotherms of pure ethane and CO 2 in M41C14, M41C16 
and M41C22 at 264.6 K, respectively. 
Table 3.1. Fitting equations and parameters for pure ethane in M41C14 at 264.6 K 
Pressure Range Isotherm Parameters 
kPa Equation  
M K t 
0.0-26.95 Toth 3.795x10' 3.328x104 3.292x10' 
m K t 
26.95-292.39 Toth 1.443x 102 4.295x 2.656x10' 
a b c 
292.39-781.85 Quadratic 1.151 5.696x10 3 -1.429x10 7 
a b c 	d e 	f 
781.85-195.17 6-param. 2.037 	3.770 	1.65x 10-3 	3.150 -4.31x10 3 	1.877x1O 6 
a b c 
1195.17-above I 	Square 1 6.905 1 .464ex 10,3 -1 .523x 10 7 
Table 3.2. Fitting equations and parameters for pure CO 2 in M41C14 at 264.6 K 
Pressure Range Isotherm Parameters 
kPa Equation 
in K 
0-11.73 Toth 5.600x10' 7.415x104 3.690x10' 
m K 
11.73-75.99 Toth 1.234x102 3.076x105 3.033x10' 
m K 
75.99-865.18 Toth 1.691x102 4.213x105 2.620x10' 
a 	b c 	d e 	f 
865.18-1450.4 6-param. -1.605 -1.056x10' 2.363 3.34x10' 4.47x10' -1.65x10 4 
a b c 
1450.4-1636.1 Quadratic 5.043 -5.806x 10-3 6.45 lx 10 6 
a b c 
1636.1-above Quadratic -4.026 1.561 x10 2 -3.239x 106 
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Table 3.3. Fitting equations and parameters for pure ethane in M41C16 at 264.6 K 
Pressure Range 	Isotherm 	 Parameters 
kPa 	Equation  
m K t 
0.0-29.47 Toth 7.178x10' 1.436x105 3.170x10' 
m K t 
26.47-491.18 Toth 1.419x102 3.891x105 2.802x10' 
a b 	 c d 
491.18-1079.9 Cubic 6.022 -1.176x10 2 	1.535x10 5 -3.5 15x10 9 
Jensen- K m 	 K 
1079.9-1264.78 Seaton 5.619x10' 6.641 1.521x10 3 3.352x10' 
a 	b c 	d e 	f 
1264.78-above 6-param. 1.564x102 	-4.289x102 	3.899x102 	-1.598x102 	4.899x10' 	-3.941x10 3 
Table 3.4. Fitting equations and parameters for pure CO2 in M41C16 at 264.6 K 
Pressure Range Isotherm Parameters 
kPa Equation  
m K 
0-120.39 Toth 6.371x10' 1.056x105 3.656x10' 
m K 
120.39-267.99 Toth 1.791x102 5.671x105 2.705x10' 
m K 
267.99-842.38 Toth 2.952x102 1.015x106 2.285x10' 
a b 	 c d 
842.38-above Cubic 6.008 	3.900x 10 -5.682x 10 1.482x10-9 
Table 3.5. Fitting equations and parameters for pure ethane in M41C22 at 264.6 K 
Pressure Range Isotherm Parameters 
kPa Equation  
m K 
0.0-13.36 Toth 2.206x10' 1.417x104 3.675x10 1 
m K 
13.36-523.32 Toth 1.131x103 1.898x107 1.858x10' 
m K 
523.32-1014.24 Toth 1.690x102 2.590x106 4.331x10' 
a b c 
1014.24-1218.5 Quadratic -2.637x10 3 4.523x10 3 1.403x10 5 
a b c 
1218.5-1310.63 Quadratic 9.683x10 3 -7.742x10 3 1.145x10 5 
a b c 
1310.63-1331.8 Quadratic 6.812x102 -1.063 4.198x10 4 
a 	b c 	d e 	 f 
1331.8-above 6-param. 2.407 	3.816 3.462x10 2 	2.685 1.31x10 3 	1.037x10 7 
Table 3.6. Fitting equations and parameters for pure CO 2 in M41C22 at 264.6 K 
Pressure Range Isotherm Parameters 
kPa Equation  
m K 
0-11.77 Toth 1.597x10' 6.487x103 4.678x10' 
m K t 
11.77-398.52 Toth 2.121x102 6.717x105 2.457x10' 
a b c 
398.52-1411.96 Quadratic 1.842 5.503x 10-3 -3.909x 10 
a 	b c 	d e 	f 
1411.96-above 6-param. 4.978 -2.916 - 5.903 -2.92x10' 1.222 -3.94x10 4 
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The adsorption experiments for both pure ethane and pure CO2 were carried out at 
273.2 K and 303.2 K in the three MCM-41 samples as well. All the pure-gas 
experimental adsorption data are given in Appendix A. The same piecewise technique 
was used to fit the isotherms at these two temperatures. Figures 3.4 and 3.5 show the 
experimental pure-ethane and pure-0O2 adsorption isotherms in M41C14 at 264.6 K, 
273.2 K and 303.2 K, together with the fitted isotherms. Clearly, the piecewise 
















0 	0 264.6 K, Experimental 
- 	 264.6 K, Fitting 
273.2 K, Experimental 
273.2 K, Fitting 
0 	303.2 K, Experimental 
- - —303.2 K, Fitting 
0 	500 	1000 	1500 	2000 	2500 	3000 
Pressure, kPa 
Figure 3.4: Experimental isotherms of pure ethane in M41C14 with the fitting results. 
The pure-gas adsorption isotherms for both ethane and CO2 in MCM-41 at low 
pressures were fitted with the Toth equation, since it is the simplest equation but it is 
still capable of giving a good fit to the data. The Henry's constant, H, is given by the 
following simple equation [5]: 
H=m2 IP 	 3.6 
The Henry's constant is defined by reproducing Equation (1.2): 
3.7 
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Figure 3.5: Experimental adsorption isotherms of pure CO2 in M41C14 with the 
fitting results. 
Therefore the Henry's constant can also be obtained directly from the slope of the 
experimental data points in the adsorption isotherms at quite low pressures using 
Equation (3.7). These two methods were both applied in this thesis. The Henry's 
constant indicates the strength of adsorption, as indicated by Equation (3.7). As 
adsorption is an exothermic process, the amount adsorbed decreases as temperature 
increases, and so does the Henry's constant. Table 3.7 shows the Henry's constants 
for pure ethane and CO2 adsorption in three MCM-41 samples at the three different 
temperatures. 
Table 3.7 Henry's constant for pure ethane and CO2 in MCM-41 samples 
Temp. 
K 
M41C14 M41C16 M41C22 
Henry's Constant, mmolg'(kPa) - ' 
Method Equa.3.6 	Equa.3.7 	Equa.3.6 	Equa.3.7 	Equa.3.6 	Equa.3.7 
Ethane 
264.6 4.32x10 2 2.45x10 2 3.59x10 2 2.14x10 2 3.43x10 2 2.07x10 2 
273.2 2.50x10 2 	1.68x10 2 	2.75x10 2 	1.49x10 2 	2.67x10 2 1.44x10 3 
303.2 8.79x10 3 7.06x1€13 7.79x10 3 6.38x10 3 7.91x10 3 6.28x10 3 
CO2 
264.6 4.23x 102 2.76x 10.2 3.84x  10.2 2.60x  10.2 3.94x  10.2 2.66x  10 2 
273.2 2.82x10 2 	1.87x10 2 	2.27x10 2 	1.84x10 2 	2.68x10 2 1.84x10 2 








Equation (3.6) always gives a bigger value of the Henry's constant for all the 
adsorption systems than Equation (3.7). Talu and Myers [32] have pointed out that the 
Toth Equation always gives too large adsorption Henry's constant because the second 
derivative of the Toth Equation (Equation 3.1) at origin is negative. Therefore, it is 
expected that the Henry's constant calculated from the Toth Equation is somewhat too 
big. The Henry's constant calculated from the second method, Equation (3.7), uses the 
data directly, however it is not easy to decide whether the experimental data used to 
calculate the Henry's constant are within the Henry's Law region. Therefore, the 
second method underestimates the Henry's constant. The real Henry's constant for 
each adsorption system lies between the two values by the two methods. 
The Henry's constant decreases as the temperature increases for both ethane and CO2 
adsorption in MCM-41, as expected. It is also found that the Henry's constant of 
ethane in MCM-41 decreases as the pore size increases, indicating that the adsorption 
of ethane in MCM-41 gets weaker as the pore size increases. But there is no such a 
trend for the Henry's constant of CO 2 in MCM-41, as the Henry's constant of CO 2 in 
the three MCM-4 1 samples are similar. The different dependence on pore size for the 
two adsorptives may indicate that the adsorption mechanism of pure ethane and CO2 
in MCM-41 is different. This point will be further developed later in this chapter. 
3.1.2 Isosteric Heat of Adsorption of Pure Ethane and CO2 in MCM-41 
The isostenc heat can be obtained by evaluating the adsorption isotherms at different 
temperatures, keeping the loading constant, known as the Clausius-Clapeyron 
equation method [5], as shown in Equation (1.15). Figures 3.6 and 3.7 show the 
results for the isosteric heat of pure ethane and CO 2 in MCM-41, respectively. The 
isosteric heats of both ethane and CO 2 in all the MCM-41 samples decrease as the 
loading increases, showing that the adsorption systems of both ethanefMCM-41 and 
CO2/MCM-41 are heterogeneous. The isosteric heat of adsorption of ethane in 
M41C14 starts to increase when the loading is bigger than 3.6 mmol/g. This is due to 
the interaction between the ethane molecules adsorbed in the pores of M41C14 
becoming more and more important and dominating over the ethane-solid interaction. 
The same trend is observed when the loading is bigger than 4.6 mmol/g for ethane 
adsorption in M41C16. The pore size in M41C22 is too big, compared to that of 
Mel 
M41C14 and M41C16, for this effect to be seen in the experimental pressure range, 
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Figure 3.7: Isosteric heat of adsorption of pure CO2 in MCM-41 samples 
As pointed out in Section 1.2.2, the isosteric heat of adsorption at the limit of zero 












Henry's constant at different temperature using Equation (1.3) and (2) by 
extrapolation of the isostenc heat of adsorption as a function of loading to zero 
loading [6]. The two methods were both used in this study, and the results are shown 
in Table 3.8. 
Table 3.8 Isosteric heat at the limit of zero coverage for ethane and CO2 in MCM-41 
Method M41C14 M41C16 M41C22 
 21.15 20.60 20.26 
Ethane  22.90 22.87 22.75 
 22.32 22.90 21.95 
CO2  24.17 25.21 25.27 
Similar results for the isostenc heat of adsorption at the limit of zero coverage for 
both ethane and CO2 are obtained with the two methods, although the first method 
always gives a smaller value for both ethane and CO2 in MCM-4 1. As the real values 
of the Henry's constants cannot be determined exactly (different values are obtained 
by applying different methods, as shown in Table 3.4), the second method gives a 
more reliable value of the isosteric heat of adsorption at the limit of zero coverage. 
3.1.3 Binary Mixture Isotherms - Results from High-Pressure Apparatus 
Adsorption experiments of binary ethane/CO 2 mixtures in the three MCM-41 samples 
at 264.6 K were carried out along two different paths: a fixed-pressure path and a 
fixed-gas-phase-composition path. Figure 3.8 shows a graphic representation of the 
experimental data of binary ethane/CO 2 in M41C16 at 264.6 K as a function of a gas-
phase composition. The experimental data are presented in Appendix B. The data 
were compared with lAST calculations and GCMC simulations and the results will be 
shown in Section 3.3.7 of this chapter. 
3.1.4 Pure-gas Isotherms and the Isosteric Heat - the Calorimetric Results 
Adsorption experiments of pure methane, ethane and CO 2 in the three MCM-41 
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Figure 3.8: Adsorption of binary ethane/CO2 mixtures in M41C16 at 264.6 K 
(constant gas-composition path): Top: Yet/e = 0.1245, Bottom: Yethane = 0.587. 
100 kPa. The adsorption isotherms obtained were correlated with the Toth equation 
(Equation 3.1), and the isosteric heat of adsorption is fitted with the following Virial 
equation: 
q, =R(k1 +b1n+c1 n 2 +d1 n 3 ) 	 3.8 
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Figures 3.9 shows the results for the experimental pure-gas adsorption isotherms of 
two different runs measured with the calorimeter together with the Toth fits for pure 
methane, ethane and CO2 in M41C14 at 297.6 K. Similarly, Figure 3.10 shows the 
results for the isosteric heats for pure methane, ethane and CO 2 in M41C14. The 
adsorption obtained from the calorimeter is highly reproducible, as shown by the 
coincidence of the isotherms and the isostenc heats of adsorption of two different runs 
for all the adsorptives. Similar results for the adsorption isotherms and isosteric heats 
for the three adsorptives in M41C16 and M41C22 were found and the results are 
shown later in this section. For clarity, isotherms and isostenc heat of different runs 
for the same adsorptive are combined to make a single isotherm or isosteric heat in 
the other figures in this section. All the experimental data, for both the isotherms and 
the isosteric heats for the calorimetric pure-gas adsorption in the three MCM-41 
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Figure 3.9: Adsorption isotherms of pure ethane, CO2 and methane in M41C14 at 
297.6 K, obtained by the microcalonmeter. 
CO 2 adsorbs the strongest among the three adsorptives and gives the biggest isosteric 
heat, while the adsorption of methane is the weakest. The calorimetric isosteric heat 
of methane in M41C14 shows an increasing trend as the loading increases, while the 
isosteric heat of adsorption of CO 2 in M41C14 decreases with the loading, and the 
isosteric heat of ethane in M41C14 remains approximately constant. Therefore, in 
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comparison with the results obtained with the high-pressure apparatus (Section 3.1.2), 
we conclude that the methaneIMCM-41 adsorption system is essentially 
homogeneous, while the CO2IMCM-41 is heterogeneous and the ethanelMCM-41 is 
only slightly heterogeneous [3]. 
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Figure 3.10: Calorimetric isosteric heat of adsorption of pure ethane, CO2 and 
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Figure 3.11: Adsorption isotherms of pure methane in the three MCM-41 samples at 







Figure 3.11 shows the pure-methane adsorption isotherms of the three MCM-41 
samples. The adsorption of methane in MCM-41 decreases as the pore size of the 
MCM-41 sample increases. The difference between adsorption in M41C14 and 
M41C16 is smaller to that between adsorption in M41C16 and M41C22. The same 
results can be found in the adsorption isotherms of pure ethane in the three MCM-41 
samples, shown in Figure 3.12. Although the adsorption of ethane in M41C14 is 
nearly the same as that in M41C16 at this temperature, at lower temperatures the 
adsorption of ethane in M41C14 is bigger than that in M41C16, and this can be 
confirmed by the adsorption isotherms obtained with the high-pressure rig at low 
pressures and at a relatively lower temperatures, shown in Figure 3.13. Figure 3.14 
shows the adsorption isotherms of CO 2 in the three MCM-41 samples. Clearly, the 
adsorption isotherms of pure-0O 2 in the three MCM-41 samples are nearly identical 
to each other. This is in agreement with the results obtained from the high-pressure 
apparatus, shown in Figure 3.3. This suggests the adsorption mechanism of methane 
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Figure 3.12: Adsorption isotherms of pure ethane in the three MCM-41 samples at 
297.6 K, obtained by the microcalori meter. 
The calorimetric isosteric heat of methane, ethane and CO 2 confirms this difference. 
Figures 3.15, 3.16 and 3.17 show the calorimetric isosteric heat of adsorption of pure 








heats of adsorption of methane and ethane in MCM-4 1 decrease as the pore size of the 
sample increases, while the isosteric heat of adsorption of CO 2 in MCM-41 does not 
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Figure 3.13: Adsorption isotherms of pure ethane in the three MCM-4 1 samples at 
264.6 K, obtained by the high-pressure apparatus 
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Figure 3.14: Adsorption isotherms of pure CO 2 in the three MCM-41 samples at 297.6 
K, obtained by the microcalorimeter. 
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Figure 3.15: Calorimetric isosteric heat of adsorption of pure methane in the three 
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Figure 3.16: Calorimetric isosteric heat of adsorption of pure ethane in the three 
MCM-41 samples at 297.6 K. 
This different adsorption mechanism of methane, ethane and CO2 in MCM-41 will be 
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Figure 3.17: Calorimetric isosteric heat of adsorption of pure CO2 in the 
three MCM-41 samples at 297.6 K. 
3.1.5 Calorimetric Binary Mixture Adsorption Results 
Adsorption experiments for binary mixtures of methane, ethane and CO2 were carried 
out at 297.6 K at pressures up to 100 kPa. As is pointed out in Chapter 2, the gas-
phase composition of the system is measured instead of predetermined, so in contrast 
to the experimental data of the adsorption of binary ethane/CO2 mixtures in MCM-41 
obtained with the high-pressure rig, there is no fixed pressure or gas-phase-
composition path for binary mixture adsorption in the microcalorimeter. The 
calorimetric binary adsorption equilibrium data are studied in the next section. The 
experimental data are given in Appendix D. 
3.2 Thermodynamic Analysis 
As explained in Section 3.1.1, experimental pure-gas adsorption isotherms must be 
fitted with adsorption isotherm equations, before they can be used in the application 
of lAST. Both the Toth (Equation 3.1) and the Jensen-Seaton (Equation 3.2) 
equations were used to fit the pure-gas adsorption isotherms, which are the inputs to 
the lAST calculations. It was found that lAST predictions from the two isotherm 
equations were almost indistinguishable so the additional parameter provided by the 
Wt 
Jensen-Seaton equation is not needed. Therefore the results shown in this part were 
obtained by fitting the experimental isotherms with the Toth equation only. The 
calorimetric isosteric heats of adsorption of pure ethane and CO2 in all the MCM-41 
samples were fitted with the cubic Vinal equation (Equation 3.8). The calorimetric 
isosteric heats of methane in MCM-41 are fitted with the Vinal equation when the 
loading is less than 0.1 mmol/g, and a simple linear equation can adequately represent 
the data at higher loadings: 
q, =an+b 	 3.9 
where a and b are the fitting parameters. The selectivity of CO 2 over methane is 
defined by Equation (1. 1), which is reproduced here: 
Xco 2  /X CH4 = 	 3.10 Sc02cH4 	
Yc0 2 'YCH 4 
As pointed out in Section 2.2.2, because the selectivity contains the ratio of the 
adsorbed-phase mole fractions, it is a very sensitive measure of the accuracy of the 
prediction of the adsorbed-phase composition. 
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Figure 3.18: Amount adsorbed for binary methane/CO 2 mixtures in M41C14 
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Figure 3.19: Selectivity of CO 2 over methane in M41C14 at 297.6 K, experimental 
data and lAST predictions. 
Figures 3.18 and 3.19 show lAST predictions of the amount adsorbed of binary 
methane/CO 2 mixtures and the selectivity of CO 2 over methane in M41C14 at 297.6 
K, together with the experimental data. Note that the gas-phase composition is not 
fixed for the experimental data, as mentioned in Section 2.1.2. lAST predictions were 
carried out corresponding to the operating conditions (i.e. temperature, pressure and 
gas-phase composition) of each experimental data point. The methane gas–phase 
mole fraction varies from 0.65 to 0.81 in Figures 3.18 and 3.19. Clearly, lAST gives 
accurate predictions of the amount adsorbed of methane and CO 2 and the total amount 
adsorbed across the gas-phase composition and pressure range. 
The lAST predictions of the selectivity of CO 2 over methane are quite accurate except 
the first two experimental data points. As CO 2 adsorbs more strongly than methane in 
the MCM41 samples, so the mole fraction of CO 2 in the gas phase is quite small, 
therefore the errors in the gas-phase composition and the selectivity are relatively 
large. The difference between experimental and lAST predictions is still small, 
therefore lAST gives overall good predictions for the selectivity. 
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Figure 3.20: Individual heat of adsorption for binary methane/CO 2 in M41C14 at 
297.6 K, experimental data and lAST predictions. 
Figure 3.20 shows the individual heats of adsorption of methane and CO 2 in binary 
methane/CO 2 mixtures in M41C14 at 297.6 K. The solid line in the figure is a linear 
fit (Equation 3.9) to the scattered experimental data of methane adsorption to guide 
the eye. As in the case of the calorimetric isosteric heats of adsorption for pure 
methane in MCM-41, the experimental data points are much more scattered than 
those of ethane and CO 2 in MCM-41, therefore the pure-methane calorimetric heats 
are best presented by the linear representation. lAST gives accurate predictions for 
some experimental data points for the individual heat of adsorption of CO 2 in binary 
methane/CO2 mixtures in M41C14 and it overpredicts the rest of the data points, 
nevertheless the overall predictions are quite good. As pointed out in Section 2.1.2, 
the heat of adsorption measured using a Tian-Calvet type microcalori meter is the 
differential heat of adsorption, rather then the isosteric heats of adsorption, and 
Equation (1.11) is used to relate the two types of heats of adsorption. In the 
experiment, the amount of gas introduced into the adsorber must be big enough to 
give a reliable signal, but it should not be too big, otherwise the heat generated is the 
integral heat of adsorption rather than the differential heat of adsorption [3].  In the 
case of methane, the adsorption is weak, so that the amount adsorbed in each step is 
small, and the signal is thus less reliable. Similarly, the results of lAST predictions, 














adsorption, usually have bigger errors than the isotherms. Therefore, one would 
expect bigger errors for the predictions of individual heats of adsorption with lAST 
than the predictions for the adsorption isotherms. Although the binary methane/CO 2 
adsorption isotherms in MCM-41 can be accurately predicted using lAST, the 
calorimetric individual heats of adsorption for each component cannot. Therefore, the 
methane/CO 2IMCM-41 adsorption systems show small deviation from ideality. 
Figures 3.21 and 3.22 show the experimental and lAST predictions of the total 
amount adsorbed, and the selectivity of ethane over methane for the adsorption of 
binary methane/ethane mixtures in M41C16 at 297.6 K, respectively. The individual 
heats of each component for both experimental data and lAST predictions are shown 
in Figure 3.23. Similar to the results of binary methane/CO 2 in MCM-41, lAST gives 
excellent predictions of amount adsorbed in M41C16, although it slightly 
overestimates the selectivity at high pressures. The solid line in Figure 3.23 is a guide 
to the eye, as in Figure 3.20. Clearly, lAST slightly overpredict the individual heats 
for both adsorptives. Overall, the methane/ethanelMCM-41 adsorption systems also 
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Figure 3.21: Total adsorbed for binary methane/ethane mixtures in M41C16 
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Figure 3.22: Selectivity of ethane over methane in M41C16 at 297.6 K, experimental 
data and lAST predictions. 
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Figure 3.23: Individual heat of adsorption for binary methane/ethane in M41C16 at 
297.6 K, experimental data and lAST predictions 
Figures 3.24 to 3.26 show the experimental and lAST predictions of the total amount 
adsorbed, the selectivity of CO 2 over ethane, and the individual heats of ethane and 
CO2 in binary ethane/CO 2 mixtures adsorption in M41C22 at 297.6 K. Similar results 




















methane/ethane in M41C16. lAST overestimates the individual heats of adsorption of 
CO2 in binary ethane/CO 2 in M41C22 at moderate pressures, and underestimates the 
individual heats of adsorption of ethane in binary ethane/CO 2 in M41C22 at high 
pressures, but lAST gives quite accurate predictions for the amount adsorbed and the 
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Figure 3.24: Total adsorbed for binary ethane/CO 2 mixtures in M41C22 at 297.6 K, 
together with the lAST predictions. 
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Figure 3.25: Selectivity of CO 2 over ethane in M41C22 at 297.6 K, experimental data 
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Figure 3.26: Individual heat of adsorption for binary ethane/CO 2 in M41C22 
at 297.6 K, experimental data and lAST predictions. 
Overall, lAST gives quite accurate predictions for the adsorption isotherms of binary 
methane/CO2, methane/ethane, ethane/CO 2 mixtures in the three MCM-41 samples at 
297.6 K, and it gives relatively poorer but still quite good predictions for the 
selectivity for the three binary adsorption systems. lAST also gives good predictions 
of the individual heats of adsorption in three binary adsorption systems, although the 
deviation of the lAST predictions from the experimental heats are bigger than those 
between the lAST predictions and the experimental adsorption isotherms and the 
selectivity. Considering the errors in the pure-gas isostenc heats and the individual 
heats in a binary mixture adsorption experiment, the adsorption of binary 
methane/CO 2, methane/ethane, ethane/CO 2 mixtures in MCM-41 at 297.6 K is close 
to ideal at pressures up to 100 kPa. 
3.3 Molecular Simulation 
In this section, Monte Carlo simulations of the adsorption of pure ethane and CO2 and 
the binary mixtures of these components in MCM-41, based on three different models 
for MCM-41 with different degrees of surface heterogeneity, are reported. Monte 
Carlo simulations for the adsorption isotherms were carried out with the GCMC 







simulation method. The basic principles of the two Monte Carlo simulation methods 
are summarised in Section 2.3 and more details can be found in refs. [35, 361. 
The work here has two aims: (i) to study the influence of the surface heterogeneity of 
MCM-41 on the adsorption of gas mixtures containing components of different 
polarity, and on the adsorption of the corresponding pure components, and (ii) to 
evaluate the performance of MCM-41 models of differing complexity, combined with 
Monte Carlo simulation of adsorption, in predicting adsorption. Therefore, three 
different models of MCM-41 materials with different forms and extents of energetic 
heterogeneity are considered in this thesis. The model that gives the best predictions 
for the pure-gas adsorption isotherms is applied to predict the adsorption equilibrium 
of binary ethane/CO 2 in the three MCM-41 samples. 
A comparison is made with lAST predictions for the adsorption of binary ethane/CO 2 
mixtures, since thermodynamics and molecular simulation are the two methods used 
in this work for the prediction of adsorption equilibrium and MCM-41 is a model 
adsorbent which can be used to evaluate the methods of predictions of adsorption [6]. 
As shown in Chapter 2, thermodynamics and molecular simulation can help to better 
understand each other. Molecular simulation probes the atomic level of the adsorption 
system, where thermodynamics cannot explore because it can only study adsorption 
macroscopically. While thermodynamics using simulated pure-gas adsorption 
isotherms as inputs can provide the insights of the molecular simulation. The 
relationship between experiment, thermodynamics and molecular simulation has been 
clarified in Chapter 2. 
3.3.1 Model Development for MCM-41 
In this section, three different models of MCM-41, all based on a one-dimensional 
channel, with different complexity and degrees of surface heterogeneity are proposed. 
A graphical representation of the three models is shown in Figure 3.27. 
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Figure 3.27: Three models for MCM-41 used in this thesis. Red: Oxygen atoms; Blue: 
Silicon atoms. 
3.3.1.1 Cylindrical Model 
The Cylindrical Model is created using the method of Yun et al. [6], in which a pore 
with a homogeneous structure at the atomic scale is generated by forming three 
concentric cylinders of oxygen atoms (which are arranged in a regular array) with a 
layer of silicon atoms between each layer of oxygen atoms; the innermost (i.e. 
surface) layer is of oxygen atoms. This model does not reproduce the structure of real 
amorphous silica, but rather places the silicon and oxygen atoms in a simple 
geometrical arrangement. The skeletal density of the model pore is set to be 2.2 
g/cm3 , corresponding to the density of amorphous silica, which one would expect to 
apply also to the MCM-41 matrix. 14 rows of oxygen atoms are generated in the 
z direction, which gives a pore length of 40.8 A; this is sufficiently large to eliminate 
the influence of finite system size, with the use of periodic boundary conditions, for 
dispersion interactions. 
3.3.1.2 a-quartz Model 
The a-quartz Model is based on the a-quartz crystal structure with a skeletal density 
of 2.66 g/cm 3 (the value for the cc-quartz crystal at room temperature), which is higher 
than the density of amorphous silica. Figure 3.28 is a graphical presentation of the 
unit cell of a-quartz. The tetrahedron of oxygen atoms about a silicon atom is almost 
regular, with a bond length of Si —0 = 1.61 A; besides its two silicon neighbours, 
each oxygen atom has six adjacent oxygen atoms at distances ranging between 2.60 
and 2.67 A. A cubic block of a-quartz is generated and then a series of model pores is 
WN 
created by removing the oxygen and silicon atoms whose centers are within the 
volume of a set of cylinder pores (whose radius is slightly smaller than the effective 
pore size, taking into account the size of the atoms removed near the surface of the 
cylinder). Then those silicon atoms at the pore surface that are bound to fewer than 
four oxygen atoms are saturated by oxygen atoms. Oxygen atoms with fewer than two 
silicon atoms attached to them are then saturated by hydrogen atoms, with an oxygen-
hydrogen bond length of 0.96 A placed in the direction of the removed silicon atom. 
The pore length is 39.5 A in this model, which is similar to that of the Cylindrical 
Model, and which is large enough to eliminate the influence of finite system size 
effect for dispersion interactions with the use of periodic boundary conditions. Since 
the skeletal density of this model is 2.66 g/cm 3 , higher than the density of amorphous 
silica, the number of oxygen atoms is higher than in the Cylindrical Model. 
Figure 3.28: Unit cell of a-quartz at room temperature. 
3.3.1.3 Amorphous Mode) 
In the Amorphous Model, an amorphous silica surface is generated using a stochastic 
simulation of the silicon and oxygen atoms forming the matrix. Oxygen and silicon 
atoms in a ratio of 2:1 are first randomly generated in a cylindrical simulation box 
with the restrictions that: (1) at most four oxygen atoms are within 1.65 A (the 
approximate length of a silicon-oxygen bond) of a silicon atom; and (2) at most two 
silicon atoms are within 1.65 A of an oxygen atom. The atoms are then allowed to 
move around in the simulation box according to an energy minimization algorithm 
with the potential of the whole system calculated using the BKS equation [77, 78], 
keeping the coordination numbers of silicon and oxygen atoms at the physically 
correct values of 4 and 2 respectively. The BKS potential consists of a long-ranged 
Coulomb term and short-ranged repulsion and dispersion interactions: 
CI = q,qIi 	 rij 
	 3.11 
Values for parameters A,, b, and c0 , and the atomic charges, for the application of the 
BKS potential to silica can be found in ref. [77]. The pore length is set to be 40 A. 
Periodic boundary conditions (see Section 2.3.1) are applied in the z direction of the 
cylinder, parallel to the pore wall. The system is equilibrated for 10 7 moves before a 
model pore is cut following the same procedure as that in the a-quartz Model. 
It is worth mentioning that this stochastic simulation of the formation of the 
amorphous MCM-41 model pores can also be carried out in a cubic simulation box 
with periodic boundary conditions applied in all the three dimensions. But it is found 
that the properties of the pore generated with the cubic box are nearly identical to 
those of the pore generated with a cylindrical box. Since the volume of the cylindrical 
box is much smaller than the cubic box, it is computationally more efficient to 
generate the Amorphous Model using the cylindrical box. Therefore, all the 
Amorphous Model pores are generated using a cylindrical box. 
The pore wall thickness in all the three models is set to be between 8 and 10 A, a 
value typical of MCM-41 materials [25], which corresponds approximately to the 
width of three layers of oxygen atoms. 
3.3.2 Characterization of the Three Models 
3.3.2.1 Adsorbent Models 
The oxygen atoms in the MCM-41 matrix are represented by single spherical 
Lennard-Jones sites with negative partial charges. The Lennard-Jones parameters of 
the oxygen atoms are c/kB = 185 K [6] and o = 2.708 A [67], respectively. Positive 
partial charges are applied to the silicon atoms in the matrix to make the whole model 
pore structure electrically neutral. The hydrogen atoms have a small effect on 
adsorption and are ignored in the potential calculation for both the adsorptives. (In 
effect, the contribution of surface hydrogens is subsumed into the oxygen-adsorptive 
interaction.) The determination of the point charges applied to oxygen and silicon 
atoms in the MCM-41 matrix will be shown later in Section 3.3.4. 
3.3.2.2 Determination of the Actual Pore Diameter 
The pore size was determined using the method of Yun et al. [6], in which the pore 
diameter is adjusted to fit the pore-filling transition in a particular adsorption 
isotherm, ideally at the lowest experimental temperature. The adsorption isotherm of 
ethane in MCM-41 at 264.6 K was chosen since this isotherm is the best structured 
and reveals lots of information about the adsorption, including the adsorption capacity 
at high pressures, the pore filling stage at moderate pressures and the Henry's law 
region at low pressures. Taking the Cylindrical Model as an example, GCMC 
simulations of the adsorption isotherms of ethane in M41C14 at 264.6 K were carried 
out in this model with different pore diameters. Figure 3.29 shows the simulated 
isotherms of ethane in three Cylindrical Models at 264.6 K, together with the 
experimental data of ethane in M41C14 at 264.6 K. The pore diameter of each model 
is estimated by the diameter of the innermost cylinder of oxygen atoms, 32C 
indicating that the diameter of the innermost cylinder of oxygen atoms is about 32 A, 
and so on. 
The units of the amount adsorbed for the simulated isotherms is mmol/cm 3 , while it is 
mmol/g in the experiments. So the simulated isotherms were converted by multiplying 
by the porosity of the models, which has units of cm 3/g. The value of this porosity of 
the model is chosen so that the adsorption capacity at high pressures of both the 
experimental and the simulated isotherms match, in other words, they are within an 
error of less than 0.5% of each other. The porosity of Model 33C for the Cylindrical 
Model is 0.764 cm 3/g,  for instance. Therefore, all the isotherms shown in Figure 3.29 
have units of mmol/g, the same as those of the experimental data. This method is 
applied for all the simulations of the adsorption isotherms in this thesis. 
EM 
The 34C Model, and pores with bigger pore diameters, cannot recover the pore-filling 
and underestimate the adsorption at moderate pressures; while Model 32C gives pore 
filling that is too rapid. It is then expected that pores with a smaller diameter than 32C 
would also give too rapid pore-filling and pores with a bigger diameter than the 34C 
would greatly underestimate the adsorption at moderate pressures. Model 33C is 
chosen to be the best to fit the adsorption isotherm of ethane in M41C14. It is worth 
mentioning that there is no need to decide whether the pore diameter is 33.3C or 
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Figure 3.29: Adsorption isotherms of ethane in the Cylindrical Models with different 
pore diameters at 264.6 K, together with the experimental isotherm of ethane in 
M41C14 at 264.6 K. 
A Monte Carlo integration method [79] was used to determine the actual pore volume 
of the models for MCM-41. The volume determined by this method is the volume that 
is accessible by a given nitrogen test molecule, which is in direct connection with the 
experimental data. Test nitrogen molecules were randomly generated in the model 
pore. If the test molecule did not overlap with any of the oxygen or silicon atoms, the 
point was registered as a "miss". The fraction of misses was obtained by 10 7 steps of 
this MC insertion, and it was then multiplied by the total volume of the model pore 
gave the total free accessible mesopore volume. 
The volume of a cylinder is determined by the following equation: 
V=nR 2lI4 	 3.12 
where V, R and 1 are the volume, the diameter and the length of the cylinder, 
respectively. Since the volume and the length of the cylinder are known, the effective 
diameter of the cylinder can be easily calculated by this equation. The properties of 
the three models are listed in Table 3.9. 







No. Oxygen Atoms 1764 2852 1816 
No. Silicon Atoms 882 1426 908 
Skeletal Density, g/cm 3 2.20 2.66 2.20 
Mesopore Volume, ixiO4A3 3.44 3.63 4.19 
Pore Length, A 40.81 39.50 40.00 
Pore Radius, A 16.38 17.11 18.27 
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Figure 3.30 shows the solid density profiles for the three models. The interfacial 
region of the model pores is defined to be the region of the radial coordinate for which 
the pore bulk skeletal density is significantly greater than zero and has not yet attained 
the bulk density for that model (2.2 g/cm 3 in the case of the Cylindrical and the 
Amorphous Models and 2.66 g/cm 3 for the a-quartz Model). The Cylindrical Model 
has a regular, and highly homogeneous surface and the interfacial region is essentially 
zero. The interfacial region in the a-quartz and Amorphous Models is substantial, 
roughly extending from 16 to 19 A in both cases, although as the matrix is crystalline 
in the a-quartz Model, and is amorphous in the Amorphous Model, the profiles are 
otherwise distinct. 
3.3.2.4 Potential Well Depth of the Three Models 
The adsorption potential well depth of the three models has been studied by the 
adsorption of nitrogen in them at 77.35 K. Since nitrogen was used to determine the 
pore sizes of the three models for MCM-41, it is therefore used in this section to study 
the potential well depth of the three models to make the whole characterization 
process consistent. Nitrogen is modelled as a single sphere [79], with parameters of 
elk8 = 95.2 K and a = 3.75 A, respectively. The aim of generating the potential well 
depth is to map all the possible adsorption sites in the model pore, therefore a 
spherical model of nitrogen is sufficient for this purpose, and will be a more 
straightforward probe of the adsorption potential of nitrogen in the model pores than 
the two-centre Lennard-Jones model of nitrogen [80], which will be used later in 
Section 3.3.8 for the accurate predictions of the adsorption of binary N 2/CO2 in 
MCM-41. The truncated Lennard-Jones potential (Equation 2.22) was used to 
calculate the interaction potential between the nitrogen molecule and the oxygen 
atoms in the pore wall. The interaction potential between a randomly inserted nitrogen 
molecule into the model pore with the pore wall was calculated and recorded. 
The potential well depth is calculated with a specific value of the coordinate z for the 
randomly inserted nitrogen, which is set to be 0 in this thesis. Figures 3.31, 3.32 and 
3.33 show the potential well depth in the Cylindrical, the a-quartz and the Amorphous 
models of MCM-41, respectively. Each line in the figure is a potential contour at 0.65, 
1.26, 4.35 and 6.81 kJ/mol. The grey balls in all the three figures are the positions of 
the innermost (i.e. surface layer) oxygen atoms in the wall, whose values of 
coordinates z are around 0. Note that in Figures 3.32 and 3.33, although it looks like 
all the oxygen atoms have the same value of coordinate z, this is not true; actually 
there are three layers of oxygen atoms in the z direction in Figure 3.32 because of the 
crystal nature of the structure of the a-quartz Model, while the oxygen atoms are 







Figure 3.11: Potential well depth of nitrogen in the Cylindrical Model of MCM-41. 
Clearly, the potential contours in the Cylindrical Model shows that the surface 
structure in this model is highly homogeneous, since the contours in Figure 3.31 are 
nearly perfect cylinders with different diameters, suggesting that the interaction 
between an adsorbate site with the Cylindrical Model pore, to a good approximation, 
is only a function of the distance of the site to the centre of the pore. There is a 
cylindrical region about 3 - 4 A to the wall, surrounded by the blue contour standing 
for the potential of 6.81 kJ/mol, which favourites adsorption. Since adsorption is an 
exothermic procedure, the adsorption will happen first at these sites with the strongest 
energies, i.e. with the biggest potential. After these sites are occupied, adsorption 
happens progressively on lower energy sites. 
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Figure 3.32: Potential well depth of nitrogen in the a-quartz Model ofMCM-41. 
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Figure 3.33: Potential well depth of nitrogen in the Amorphous Model of MCM-4 1. 
The potential contours in the a-quartz Model is more complex than those of the 
Cylindrical Model, showing that the surface structure of this model is more 
heterogeneous. But this surface heterogeneity is arranged in a regular way, since the 
contours are symmetric about the x axis. The surface of the Amorphous Model is the 
most irregular and heterogeneous among the three models. There are some regions, 
which are surrounded by the blue contour and are randomly distributed in the pores, 
that favour the adsorption since the adsorption potential in this region is greater than 
6.81 kJ/mol. 
Therefore, the surface of the Cylindrical Model is highly homogeneous, while the a-
quartz Model has a heterogeneous surface but arranged in a regular way and the 
Amorphous Model has the most heterogeneous surface. 
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Figure 3.34: Adsorption isotherms for ethane in MCM-41 at 264.6 K. 
GCMC simulations of ethane in the three pore-structure models (whose properties are 
summarized in Table 3.6) were carried out at 264.6 K; the results are plotted along 
with the experimental data in Figure 3.34. The simulation results for ethane in all 
three models fit the experimental isotherm quite well in the high-pressure range, and 
they all can predict the pore-filling transition in the adsorption isotherms between 
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about 0.6 and 1.2 MPa. (The statistical error in the simulated amount adsorbed is, at 
low and moderate pressure, similar in size to the symbols in this and other figures 
concerning the simulation of the adsorption isotherm of both pure ethane and CO 2 and 
binary ethane/CO 2 mixtures; above the pore-filling pressure the error is about twice as 
large.) The simulation results for the Cylindrical and the Amorphous Models 
accurately fit the experimental isotherm at moderate pressures, while those for the a-
quartz Model overpredict the experimental adsorption. This overprediction is due to 
an unrealistically high skeletal density in the a-quartz Model (2.66 g/cm3, compared 
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Figure 3.35: Adsorption of ethane in MCM-41 at 264.6 K at low pressures. 
Figure 3.35 shows a plot of the simulated adsorption isotherms of ethane in the three 
models, and the experimental isotherm, at low pressures. On these axis, Henry's law 
is a horizontal line. While none of the sets of data conform precisely to Henry's law 
over this pressure range, the simulation data for the Cylindrical Model (with a 
completely homogeneous surface) shows only a small deviation from Henry's law. 
The cc-quartz Model (with a heterogeneous but regular surface) is a little further from 
Henry's law, while both the experimental data and the Amorphous Model (with a 
heterogeneous and amorphous surface) show large deviations from Henry's law. 
Comparing the simulation and experimental data, the Cylindrical and a-quartz models 
greatly underestimate the experimental adsorption (except for the a-quartz Model at 
the highest pressure where there is a small overprediction). The Amorphous Model 
gives the best agreement with experiment, with a very similar isotherm shape and 
only small quantitative differences, showing that this model, with a relatively high 
degree of surface heterogeneity and a substantial interfacial range, is a realistic 
representation of the real MCM-41 material. At least as far as this set of models is 
concerned, the more amorphous the pore surface, the higher the degree of energetic 
heterogeneity and the more accurate the simulation results. 
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Figure 3.36: Adsorption isotherms for ethane in the Amorphous Model at 
temperatures of 264.6 K, 273.2 K, and 303.2 K. 
Figure 3.36 shows the experimental and GCMC simulation results (using the 
Amorphous Model) for the adsorption and desorption of ethane at 264.6 K, and for 
the adsorption of ethane at 273.2 and 303.2 K. With the exception of the simulation 
results for the adsorption isotherm at the lowest temperature, the other simulated 
isotherms are predictions, rather than fits. The predictions are in good agreement with 
the experimental data over the whole pressure range and over the three different 
temperatures. There is no hysteresis in either the experiments or in the simulation at 












confirming that the adsorption of ethane in MCM-41 pores of this size, at these 
temperatures, is supercritical. 
Amorphous Model 
a- 




Cylindrical Model 	 E 	27.36 kPa  
--- 304.53 kPa 
, 	----1273.70kPa 
/ ; ci 
/1 
0 	 5 	 10 	 15 	 20 
Radial Distance, A 
Figure 3.37: Density profile for ethane in the three models at 264.6 K. The excess 
density for the a-quartz Model and for the Amorphous Model are shifted upwards by 
3.0 and 6.0 mmol/cm3 , respectively. 
The excess adsorption density of ethane as a function of radial distance is plotted in 
Figure 3.37 for the three pore-structure models. The adsorption of ethane in the 
Cylindrical and a-quartz Models first occurs at a distance about 3 A from the surface 
layer of oxygen atoms, with second and third layers building up progressively. There 
is thus a layering effect in the mechanism of adsorption of ethane in these two models. 
The adsorption of ethane in the Amorphous Model first occurs in the interfacial 
region of the MCM-41 matrix, with no evidence of layering. This is a strong 
indication that there is no layering effect in adsorption in real MCM-41 materials; this 
is supported by experimental studies of adsorption of argon condensed into a porous 
glass [81]. 
Figure 3.38 shows the snapshots of adsorption of ethane in the Cylindrical Model at 
264.6 K. Clearly, for the adsorption of ethane in the Cylindrical Model, a single layer 







layer of oxygen atoms, and as the pressure increases, the second and third layers start 
to form, although the distinction between the second and third layers is not so clear. 
Snapshots of adsorption of ethane in the Amorphous Model at 264.6 K are shown in 
Figure 3.39. As is shown, ethane adsorbs first in the interfacial range, and there is no 
indication of a layering effect. 
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Figure 3.38: Snapshots of adsorption of ethane in the Cylindrical Model at 264.6 K. 
The pressure for each figure from the left is: 103.4, 304.5 and 860.5 kPa, respectively. 
Figure 3.39: Snapshots of adsorption of ethane in the Amorphous Model at 264.6 K. 
The pressure for each figure from the left is: 27.4, 304.5 and 860.5 kPa, respectively. 
Figure 3.40 shows the experimental and simulated isotherms for ethane in the 
Amorphous Models of M41C16 and M41C22 at 264.6 K. The simulated isotherms fit 
the experimental counterparts quite well, showing a similar accuracy of that in 
M41C14. There is no hysteresis in these two materials as well, for both the 
experimental and the GCMC simulated results, showing that the adsorption of ethane 
in MCM-41 at this temperature is supercritical. 
Figure 2.8 has shown a linear relationship between the pore diameter of the three 
MCM-41 samples and the number of carbon atoms of the template, which suggests 
that the same templating process occurs for each sample when synthesised. Since the 
Amorphous Model gives quite accurate simulation results of the adsorption of ethane 
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in MCM-41, it is therefore expected that the relationship between the pore diameter of 
the Amorphous Model for the three MCM-41 samples and the number of the carbon 
chain length of the surfactant used in the synthesis procedure should be similar. This 
is shown in Figure 3.41. The good linear relationship suggests that our Amorphous 
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Figure 3.41: Linearity between the pore size of MCM-41 in simulation and the 
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Figure 3.42: Experimental and GCMC simulation isotherms of the adsorption of 
methane in M41C16 at 273.2 K. 
The realism of the Amorphous Model is tested by performing GCMC simulation of 
the adsorption isotherm of methane in M41C16 at 273.2 K. The truncated Lennard-
Jones potential was applied to calculate the interaction between the methane molecule 
with the MCM-41 model pore. Figure 3.42 shows the simulated and the experimental 
isotherms. The GCMC simulation is a prediction rather a fit. Clearly, GCMC 
simulation predicts the experimental isotherm well at pressures up to 2.8 MPa. This 
accurate prediction also suggests the realism of the Amorphous Model of MCM-41. 
3.3.4 Models for CO2 and Simulations of CO2 Adsorption 
GCMC simulations of the adsorption isotherms of CO2 in MCM-41 have been carried 
out with different models of MCM-41 to study the energetic heterogeneity of the 
MCM-41 materials. Since the CO2 molecule has a quite strong quadrupole moment, it 
is therefore sensitive to electrostatic interactions with the adsorbent. 
3.3.4.1 Potentials and Long-ranged Interactions 
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The Elementary Physical Model (EPM) [82] for CO 2 is used in this thesis, since this 
model is able to accurately reproduce the experimental densities of coexisting bulk 
liquid and vapour phases and the saturation pressure, and should thus be capable of 
giving a good representation of both high-density and low-density adsorbed phases. In 
the EPM model, the carbon and oxygen atoms are represented by Lennard-Jones sites, 
which also have partial charges. Table 3.7 shows the potential function parameters for 
the EPM model of CO2. 
Table 3.7 Potential Function Parameters for CO2 [82] 
e/7CB, c-c, K 	28.999 ac C, A 	2.785 	1co A 	1.161 
s/kB, 0-0, K 82.997 cr0_0, A 3.064 qc, e 0.6645 
6/kB, c-o, K 	49.060 cc o, A 	2.921 	go, e 	-0.33225 
The interaction among the various sites in the CO2 and ethane molecules, and the 
atoms in the MCM-41 matrix are given by the sum of a truncated Lennard-Jones 
potential and an electrostatic contribution: 
Cyi j    )
j 61 	1 	q,xq 
	
4E/ [[cr.12 
- 	 + 	
r ~  cut 
U11(r)= 	
T 	 r k=_l4Ox 	
3.13 
I qxq 
Here r is the distance between the centers of two interacting sites of type i andj; 	is 
the cut-off distance; q is the partial charge applied to each site; 1 is the number of 
images of the main simulation box in the +z and —z directions; L is the length of the 
simulation box; and co is the vacuum permittivity ( 8.85419x 1012  C2F 1 m 1 ). k is a 
vector in the z direction with I T I = k. The Lennard-Jones parameters for the unlike 
interactions are calculated using the Lorenz-Berthelot rules. Note that the only 
contribution of the silicon atoms in the MCM-41 matrix is via electrostatic 
interactions with the sites in the CO2 molecules. 
The electrostatic interactions are long-ranged, and the summation over all the 
molecules involved (in the main simulation cell and replica cells) is in principle only 
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conditionally convergent. The Ewald summation [83] is a convergent series and is 
widely used for the treatment of long-ranged interactions in the simulation of bulk 
systems. For simulations in confined systems with two periodic dimensions, such as 
simulations of adsorption in slit-shaped pores, several methods have been used [83-
85]. However, none of these methods is suitable for the treatment of long-ranged 
electrostatic interactions in the one-dimensional pores of MCM-41, and an alternative 
technique must be used. In this thesis, we have used a simple summation over replica 
systems in the z direction which, for the interactions involved here (in effect, 
quadrupole-quadrupole and quadrupole-charge interactions, although the quadrupole 
on the CO2 is represented by point charges) turn out to be rapidly convergent. 
1=2 	 -4 
1=1 	 -4 
"-'Az 	'--'Az 	'-'A 	'-' Az 	'-'Az 
0 	0 	0 	0 	0 B 	OEV 	0 
Figure 3.43: Long-ranged electrostatic interaction in one-dimensional channel. 
In this system, the most slowly converging electrostatic interaction is between a CO 2 
molecule and a charged atom in the matrix. The summation procedure was assessed 
by calculating this interaction over different numbers of replica systems in the z 
direction. Figure 3.43 shows the procedure of the calculation of the long-ranged 
interaction by the one-dimensional summation method. The potential between a CO2 
molecule (Site B in the Figure 3.43) at a randomly chosen position and an oxygen 
atom (Site A) on the surface of the pore is calculated first in the main simulation cell 
(1 = 0 in Equation 3.14 and Figure 3.43), then with two additional images (1 = 1, 
shown in the Figure), and so on. The results, together with the corresponding results 
for the interaction between CO2 molecules, are shown in Table 3.9. Since the potential 
for 1 = 100 of the main simulation cell is identical, to seven significant figures, with 
the value for 1 = 1000, we treat this as the exact result in calculating the error. (The 
rate of convergence of the summation is insensitive to the choice of locations of the 
CO2 molecules and the oxygen atom.) 
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,22 X u 
Error 
0 2.635311 -0.52% -6.584186 0.97% 
1 2.646565 -0.12% -6.523214 0.04% 
2 2.648815 -0.05% -6.521168 0.01% 
3 2.648406 -0.03% -6.520759 0.00% 
4 2.648201 -0.02% -6.520759 0.00% 
5 2.647998 -0.01% -6.520759 0.00% 
6 2.647997 -0.01% -6.520759 0.00% 
7 2.647895 -0.01% -6.520759 0.00% 
10 2.647792 0.00% -6.520759 0.00% 
100 2.647588 -6.520759 
1000 2.647588 -6.520759 
The potential between an oxygen atom in the MCM-41 model matrix and a CO 2 
molecule (the potential between a point charge with a quadrupole) and the potential 
between two CO 2 molecules (the potential between two quadrupoles) converge over 
just a few images of the simulation cell. It is worth noting that the errors without any 
long-range correction (0.52% and 0.97% for the two types of interaction) are already 
small, though not negligible. These errors are reduced essentially to zero for 1 = 10. 
For speed of execution, we used 1 = 5, which introduces an error of no more than 
0.01%. This summation thus provides a straightforward and accurate way to calculate 
the long-ranged electrostatic interaction in one-dimensional systems. 
3.3.4.2. Adsorption Isotherms for CO2 in the Amorphous Model 
GCMC simulation of the adsorption of CO2 in MCM-41 was carried out in the 
Amorphous Model first to determine the point charges on the silicon and oxygen 
atoms in the MCM-41 matrix, since this model gives the best results for ethane 
adsorption. A charged model of CO 2 was used by Koh et al. [67] to investigate the 
adsorption behaviour of the methane/CO 2 mixture in MCM-41. The value of the point 
charge on the silicon atoms in the MCM-41 matrix was 0.36 e in their study. We used 
this value to simulate the adsorption of pure CO2 in MCM-41 at 264.6 K and found 
that the simulation results overestimated the adsorption of pure CO2 at low and 
moderate pressures, as shown in Figure 3.44. We reduced the charge to get the best fit 
between simulation and experiment, giving a value of 0.18 e. If the point charge for 
silicon atom is reduced further, the simulation results give a poorer fit to the 
experimental isotherm across the pressure range. Therefore partial point charge of 
0.18 e for the silicon atoms and the corresponding value of —0.09 e for oxygen atoms 
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Figure 3.44. Isotherms of CO 2 in the Amorphous Models for M41C14 at 264.6 K with 
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Figure 3.45: Adsorption isotherms for CO2 in the Amorphous Model for M41C14 at 
264.6 K for the 3CLJ and 2CLJQ models, and EPM model with different numbers of 






Figure 3.45 shows the effect of different approaches to the calculation of the 
electrostatic interaction. Simulations of the adsorption of CO 2 in the Amorphous 
Model were carried out with different values of the parameter 1 in Equation (3.14), 
corresponding to different numbers of images of the main simulation cell. 1 = 0 means 
that the potential was calculated in the main simulation cell only, and without any 
correction for the long-ranged electrostatic interaction, but with a large cut-off 
distance (19.05 A) instead. 1 = 1 means that there is only one replica cell attached to 
each end of the main simulation cell, and so on. If the point charges on the carbon and 
oxygen atoms in CO 2 are omitted, the EPM model of CO2 turns into a three-center 
Lennard-Jones (3CLJ) model, and this model is also applied to simulate the 
adsorption isotherm of CO2 in the Amorphous Model of MCM-41 at 264.6 K, and the 
results is shown in Figure 3.45. Düren [86] studied the adsorption of CO 2 in MCM-41 
using GCMC simulations, and a two-centre Lennard-Jones plus points quadrupole 
(2CLJQ) [87] model of CO2 is applied. This 2CLJQ model is also applied in this 
work, and the result is shown as a comparison. 
The 3CLJ and the 2CLJQ models greatly under-predict the amount adsorbed of CO 2 
in MCM-41 at 264.6 K across the whole pressure range, demonstrating the 
importance of the quadrupolar interaction in this system. The result for the EPM 
model with 1 = 0 greatly overestimates the adsorption of CO 2 across the whole 
pressure range, especially at low and moderate pressures. Even though the error is less 
than 1% for the potential between a CO 2 molecule with an oxygen atom in the model 
wall, or between two CO2 molecules, when no corrections were carried out for the 
long-ranged interaction, the error in the simulated isotherms is much greater. 
Therefore it is quite important to properly account for the electrostatic interaction in 
simulations of CO 2. which has a strong quadrupole moment. The simulated isotherms 
from 1 = 5 and 1 = 6 are within the error bars of each other (although the results for 1 = 
6 are not shown), supporting the conclusion in the previous section that 1 = 5 is 
adequate. The results for 1 = 5 are also within the error bars of the experimental data, 
demonstrating that the Amorphous Model also works well for a quadrupolar 
adsorptive in MCM-41. 
Figure 3.46 shows the simulated adsorption isotherms for CO 2 in M41C14 at 264.6 K, 
273.2 K and 303.2 K, together with the corresponding experimental results. As in the 
case of ethane adsorption, only the data for the lowest temperature were used to fit the 
model (the partial charges in this case) so the simulation results at the other 
temperatures are strictly predictions. The predictions of the experimental data are 
excellent, even at low pressure, providing further support for the type of heterogeneity 
incorporated in the Amorphous Model. The Amorphous Model is thus capable of 
giving accurate predictions for the adsorption of both ethane and CO2 across the 
whole experimental temperature and pressure range. 
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Figure 3.46: Adsorption isotherms of CO 2 in the Amorphous Model for M41C14 at 
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Figure 3.47 shows the simulated adsorption isotherms of CO 2 in the Amorphous 
Models of M41C16 and M41C22 at 264.6 K. The good predictions of these isotherms 
further suggest the Amorphous Model is an excellent representation of the MCM-41 
samples and the method of calculating the long-ranged interactions works well in 
calculating the long-ranged electrostatic interaction in one-dimensional systems. 
3.3.5 Adsorption Mechanism of ethane and CO2 in MCM-41 
In Section 3.3.2 where the GCMC simulation of adsorption in MCM-41 is concerned, 
we proposed that the pore wall of MCM-41 is amorphous with a 3A interfacial range, 
and the adsorption of ethane and CO 2 first happens in this interfacial region before the 
pore filling occurs at a relative high pressure. If the pores in MCM-41 samples can be 
assumed to be cylindrical, when an adsorbate gas (methane and ethane in this case) is 
at a certain distance to the wall, and even if the adsorbate gas is in the interfacial 
range of the wall, the smaller the pore size is, the more atoms in the wall will be in the 
interaction range with the adsorbate molecule, and the stronger the adsorption and the 
isosteric heat will be. But for CO2, the adsorption mechanism is different. Since the 
CO2 molecule is smaller and has a strong quadrupole moment, it can penetrate into a 
deeper distance of the amorphous walls of the MCM-41 samples. So it is not the 
shape of the pores that dominates the adsorption of CO2 in MCM-41 at low pressures, 
but the structures and the density of the pore wall. Since the adsorption isotherms of 
CO2 in the three MCM-41 samples at 297.6 K are nearly indistinguishable, and the 
isosteric heat of CO 2 in MCM-41 is in the order M41C14 > M41C22 > M41C16, this 
may suggest that the structure of the amorphous wall is nearly the same in all the three 
MCM-41 samples, and so is the density of the body of the pore wall, but the density 
of the amorphous interfacial region in M41C16 is lower than in the other two MCM-
41 samples. 
3.3.6 Simulations of the Isosteric Heat of Adsorption 
Monte Carlo simulation of the isosteric heat of adsorption of ethane in M41C14 was 
carried out in the Canonical ensemble, and the isosteric heat of adsorption was 
obtained by evaluating the interaction potential as a function of the loading, as shown 
in Section 2.3.3. The simulation was carried out at 273 K. Figure 3.48 shows the 
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simulated isosteric heat of adsorption of ethane in M41C14, together with the results 
obtained from Clausius-Clapeyron equation at 273 K and microcalonmeter at 297 K. 
The three isosteric heats of adsorption are broadly consistent with each other. 
However, at low loading, the Clausius-Clapeyron and CMC simulation results show a 
decreasing function of the loading, while the calorimetric does not. The Clausius-
Clapeyron equation method always gives a decreasing isosteric heat for adsorption in 
MCM-41. As calorimetric results are directly obtained experimental results, which 
should have the best accuracy, although the error in the calorimetric heat is about 3 to 
5%, as shown in Section 2.1.2. We conclude that the ethanelMCM-41 adsorption 
system is at most slightly heterogeneous. 
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Figure 3.48: Isosteric heat of ethane in M41C14 obtained by three different methods. 
3.3.7 GCMC Simulation of Mixtures in the Amorphous Model 
Figure 3.49 shows experimental and GCMC predictions for the adsorption of ethane 
and CO2 as a function of pressure, at 264.6 K and at two fixed compositions. Figure 
3.50, in turn, shows experimental and GCMC predictions for this system as a function 
of composition, at 264.6 K and two fixed pressures. The good agreement between the 
experimental results and GCMC simulation demonstrates that GCMC simulation can 
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predict the binary adsorption of ethane and CO2 in MCM-41 across the pressure 
range, especially at the lower of the two pressures. 
IL 
A caron dioxide, simulated 
o ethane, simulated 
o total, simulated 
A carbon dioxide, experimental 	 o 
• ethane, experimental 	 • 
0 0 0 
























0 	 500 	 1000 	 1500 	 2000 
Pressure, kPa 
Figure 3.49: Adsorption of binary ethane/CO2 mixtures in M41C14 at 264.6 K 
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Figure 3.50: Adsorption of binary ethane/CO2 mixtures in M41C14 at 264.6 K 
(constant pressure path): Top: P = 151.45 kPa, (b) Bottom: P = 1488.28 kPa. 
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The adsorbate density profile for the adsorption of ethane and CO2 from mixture of 
bulk gas with 47.1% CO2 is plotted in Figure 3.51. Compared with the density profile 
for the adsorption of pure ethane, shown in Figure 3.37, it seems that ethane 
molecules are squeezed out from the interfacial region by the CO2 molecules. This 
displacement can be confirmed by looking at the snapshots of ethane/CO2 mixtures in 
M41C14, shown in Figure 3.52. This displacement effect reflects the importance of 
the electrostatic interactions between the CO2 molecules and the atoms in the matrix, 
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Figure 3.51: Adsorbate density profile for a binary ethane/CO 2 mixture in M41C14 at 
264.6 K with Yc02 = 0.471. 
Figure 3.52: Snapshots of binary ethane/CO 2 mixtures in M41C14 with a gas-phase of 
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Figure 3.53: Adsorption of binary ethane/CO2 mixtures in M41C16 at 264.6 K 
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Figure 3.54: Adsorption of binary ethanelCO2 mixtures in M41C122 at 264.6 K 
(constant gas-composition path): Top: yc02 = 0. 1245, Bottom: yc02 = 0.47 1. 
Experiments and GCMC simulations have also been carried out to study the 
adsorption of binary ethane/CO2 in M41C16 and M41C22, shown in Section 3.1.3. 
Figure 3.53 shows experimental and GCMC predictions for the adsorption of ethane 
and CO2 in M41C16 as a function of gas-phase composition at 264.6 K and at two 
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fixed pressures. Figure 3.54, in turn, shows experimental and GCMC predictions for 
the adsorption of ethane and CO 2 in M41C22 as a function of pressure, at 264.6 K and 
at two fixed compositions. Similar results were found, confirming that GCMC 
simulation is a good method for predicting adsorption of binary ethane/CO 2 in MCM-
41. lAST predictions were also applied and the results are shown in these two figures 
as well. Comparing to the GCMC simulation results, rather poorer results were 
obtained using lAST, especially at high pressures, showing that the binary ethane/CO 2 
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Figure 3.55: Selectivity of CO 2 over ethane in M41C16 with a gas-phase composition 
of 12.47% of ethane at 264.6 K. 
Figure 3.55 shows the experimental, GCMC simulation and lAST results of 
selectivity of CO2 over ethane in M41C14 at 264.6 K. lAST prediction crosses with 
the experimental data once and it gives good prediction for the selectivity over all the 
pressure range, which means that the activity coefficient in the adsorbed phase of each 
component is comparable to each other. But lAST gives the opposite trend of 
selectivity as a function of pressure: experimental selectivity increases as pressure 
increases while lAST prediction do not. While GCMC simulation grasps this trend, 
although it underestimates the selectivity. The non-ideal behaviour of binary 
ethane/CO 2 mixtures in MCM-41 are caused presumably due to the effect on 
competitive adsorption of the differing polarity of the two adsorptives: ethane is a 
non-polar molecule, and CO2 has its strong quadruple moment. GCMC simulation, in 
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contrast, captures this non-ideal behaviour, which suggests that GCMC is a better 
method in predicting adsorption in MCM-41. 
3.3.8 Application of the Models 
3.3.8.1 Separation of CO2 from a Flue Gas 
Continuous increases in CO 2 emissions and its link to global climate changes call for 
the development of effective approaches to address the large stationary CO 2 emission 
sources, such as coal-fired power plants, which contribute to 36% of the 
anthropogenic CO2 emission in the United States [88]. In 2000, the International 
Energy Agency published in the World Energy Outlook 2000, IEAIOECD, Paris 
(France) that the total emissions from power production and all industry sectors was 
14.2 Gtlyear or 63% of global anthropogenic CO 2 emissions. Therefore to concentrate 
and store CO 2 gas is an important environmental challenge. The first step to sequester 
CO2 emission from coal-fired power plants it to concentrate CO 2 from the flue gas 
stream (containing 10-15% CO 2) [88]. Therefore the Amorphous Model of MCM-41 
was used to study the adsorption of binary N 2/CO2 in MCM-41, since the gas-stream 
is mainly a mixture of these two gases. 
GCMC simulations of the adsorption of binary N2/CO2 mixtures with CO2 gas-phase 
composition of 15% and 50% in M41C14 were carried out at 280 and 300 K, typical 
ambient temperatures. The nitrogen molecule is represented by two uncharged 
Lennard-Jones sites [80], with the parameters of c/kB = 37.3 K and o = 3.31 A, 
respectively. The bond length of a nitrogen molecule is 1.09 A. The interaction 
between the sites in the nitrogen molecule and the oxygen atoms in the MCM-41 
matrix is given by a truncated Lennard-Jones potential. The model for the CO2 
molecule is the same as given in Section 3.34. 
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Figure 3.56: Simulated isotherms of binary nitrogen/CO 2 in M41C14 at 280K with 
gas-phase composition of (a) 50% and (b) 15% CO2. The isotherms of gas-phase 
composition of 50% CO2 is shifted upward by 2.0 mmol/g 
Figure 3.56 shows the simulated isotherms of binary N 2/CO2 in M41C14 at 300 K. 
(No experimental data are available for comparison.) The amount adsorbed for each 
component increases as the pressure increases, showing a Type-I isotherm, according 
the IUPAC definition, and there is no rapid pore-filling effect. CO 2 adsorbs more 
strongly than nitrogen even when the gas-phase mole fraction of CO 2 is only 15%, 
showing that the strong quadrupole moment of CO2 dominates adsorption from binary 
N2/CO2 mixtures. 
Figure 3.57 shows the simulated SCO2,N2 in M41C14 at 280 and 300K. The selectivity 
decreases as the pressure increases, but even at pressures as high as 1.8 MPa, the 
selectivity at 300 K is still greater than 20. When the temperature is lowered to 280 K, 
the selectivity at low pressures increases to 40, much bigger than that at 300K, and it 
is about 25 at 1.8 MPa. This suggests that the mesoporous MCM-41 is a good choice 
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Figure 3.57: Simulated selectivity of CO 2 over nitrogen in M41C14 at 280 and 300K. 
3.3.8.2 Monte Carlo Simulations of the Adsorption of Water in MCM-41 
Some experimental work has been carried out to study the adsorption of water in 
MCM-41, and it is found that the MCM-41 materials are hydrophobic and 
organophilic [57, 89, 90],  therefore MCM-41 can be used in the adsorptive 
purification of exhaust gases containing organic compounds. GCMC simulations of 
water adsorption in M41C14 were carried out at 303.2 K. The water molecule is 
represented by the TIP41? potential [83]. This model is composed of a Lennard-Jones 
site at a location corresponding to the oxygen atom, two positive point charges located 
at the positions of the hydrogen atoms and a negative point charge placed a short 
distance away from the oxygen atom. The truncated Lennard-Jones potential and an 
electrostatic contribution, Equation (3.14), is used to calculate the interaction between 
a water molecule with the oxygen and silicon atoms of the MCM-41 model pore. The 
long-ranged interaction is calculated by the one-dimensional summation method, 
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Figure 3.58: Simulated adsorption isotherms of water in M41C14 at 303.2 K. 
Figure 3.58 shows the simulated adsorption and desorption isotherms of water in 
M41C14 at 303.2 K. In contrast to the adsorption of pure ethane and CO2 in MCM-
41, the simulated water isotherms show a clearly visible hysteresis. This is confirmed 
by the experimental study of water adsorption in MCM-41 at 303 K by Boger et al. 
[57]. Figure 3.59 shows the snapshots of water adsorption in M41C14 at four different 
pressures. After the first water molecule adsorbs to a specific position of the wall, the 
second and subsequent water molecules stick to that position and a water cluster is 
formed. As the pressure goes up, the second and third clusters of water molecules 
form. When two of the clusters in the right conformation touch, condensation occurs 
and the model pore is filled with water molecules. This is totally different to the 
mechanism of pure ethane and CO2 adsorption in MCM-41. As shown before, ethane 
and CO2 molecules first adsorb in the interfacial region of the model walls of the 
MCM-41, and after the interfacial region is filled with ethane or CO 2 molecules, a 
layering-like effect can be found, however there is no cluster formation and no 
condensation or rapid pore-filling effects. 
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P/P0 = 0.1 
	
P/P0 = 0.2 
P/P0 = 0.3 
	
P/P0 = 0.4 
Figure 3.59: Snapshots of adsorption of water in M41C14 at 303.2 K. Red: Oxygen in 
MCM-41; Blue: Silicon in MCM-41; Green: Oxygen in water ; Yellow: Hydrogen in 
water. 
3.4 Summary 
The adsorption of pure ethane and CO2. and binary mixtures of these components, in 
three pure-silica MCM-41 samples has been studied experimentally. The pure-gas and 
binary adsorption isotherms were measured using a bench-scale, open-flow 
adsorption/desorption apparatus at temperatures between 264 and 303 K and pressures 
up to 3 MPa. 
lAST has been applied to study the same adsorption systems, and it is found that 
lAST gives good predictions for binary adsorption at low pressures and shows 
deviations at moderate and high pressures, showing that ethane/ CO2 mixtures behave 
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non-ideally in MCM-41, presumably due to the effect on competitive adsorption of 
the differing polarity of the two adsorptives. 
The same adsorption systems were then studied by Molecular Carlo simulations, 
especially the GCMC methods. Three different pore-structure models for MCM-41, 
(the Cylindrical, the a-quartz and the Amorphous Model), with different degrees of 
complexity and surface heterogeneity, have been applied in this work. The Cylindrical 
Model gives a good account of the adsorption of ethane at moderate and high 
pressures, but underestimates the amount adsorbed at low pressures, because of the 
inadequate description of the surface structure in this model. The a-quartz Model 
overestimates the amount of the adsorption of ethane in MCM-41 at moderate 
pressures, due to the unrealistically high skeletal density of this model. The 
Amorphous Model, which has an amorphous surface giving a higher degree of surface 
heterogeneity, gives the most accurate results for the adsorption of ethane in MCM-41 
across the whole pressure range. 
The Amorphous Model also gives good predictions for the adsorption of CO2, and 
ethane/CO 2 mixtures, where electrostatic interactions are important. The different 
character of the interactions between the ethane and the surface, and the CO 2 and the 
surface, give rise to significant non-ideality, captured accurately by our GCMC 
simulation of adsorption in this model. The competitive adsorption between ethane 
and CO2 in the mixture is of particular interest. The ethane molecules are squeezed 
out of the interfacial region of the model pore since the CO2 molecule is smaller and 
has a stronger interaction with the wall because of the large quadrupole moment. A 
potential applicability of the Amorphous Model of MCM-41 can be to separate CO 2 
from the N2/CO2 mixtures. 
The one-dimensional direct summation of the electrostatic interactions between the 
CO2 molecules and the charged sites on the surface, and among the CO 2 molecules, is 
accurate and efficient for this system. We expect this method to be useful in handling 
long-ranged interactions in other systems which are large in only one dimension. 
The Tian-Calvet type microcalori meter has been applied to measure the adsorption 
isotherms and isosteric heat of adsorption of pure methane, ethane and CO 2 and the 
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binary mixtures of the three adsorptives in the three MCM-41 samples at 297.6 K and 
at pressure at to 100 kPa. By analysis pure-gas adsorption isotherms and isosteric 
heats, it is found that it is the size of the cylindrical MCM-41 pores that dominates the 
adsorption of pure methane and ethane in MCM-41, i.e. the smaller the pore size, the 
stronger the adsorption; for CO2, the pore structure of the interfacial range of the 
cylindrical pores in MCM-41 influences the adsorption. 
lAST was applied to predict the binary adsorption equilibrium. lAST gives quite 
accurate predictions for the adsorption isotherms of binary methane/CO 2 , 
methane/ethane, ethane/CO 2 mixtures in three MCM-41 samples at 297.6 K, and it 
gives relatively poorer but still quite good predictions for the individual heats of 
adsorption in three binary adsorption system within the error of less than 10%. 
Therefore, the 	adsorption 	systems of 	binary 	methane/CO 2 , methane/ethane, 
ethane/CO 2 mixtures in MCM-41 at 297.6 K behave ideally at 297.6 K and at 
pressures up to 100 kPa. 
114 
Chapter 4: 
Adsorption in BPL Activated Carbon 
Activated carbons are microporous adsorbents that are widely used in many 
processes, such as wastewater treatment, air purification, organic solvent recovery, 
gas separation and purification, heterogeneous catalysis, etc. due to their attractive 
adsorption properties. Studies of adsorption in activated carbons have been carried out 
extensively and there are correspondingly large amounts of data in the literature for 
the adsorption isotherms of pure and multicomponent gases in activated carbons [31, 
91-96]. 
Activated carbons are generally produced by the graphitisation of: naturally-occurring 
porous carbonaceous materials such as wood, peat, coal, coconut shells, banana peels 
and fruit stones; or synthetic precursors such as resins and pyrolysing polymers [97]. 
The manufacture of activated carbon involves a low-temperature carbonisation to 
eliminate the bulk of the volatile matter in the precursor material, followed by a high 
temperature activation to further develop the pore structure. The carbon atoms form 
short-range, lamellar carbon structures, with some amorphous carbon also present. 
Typically, between one and three carbon layers may stack approximately parallel over 
distances up to a few nanometers, thus forming a microcrystallite of graphite. These 
microcrystallites are packed in a three-dimensional network with low density, in 
which the empty space between them constitutes the porosity. Therefore, activated 
carbons are microcrystalline forms of carbons that have been processed to develop 
internal porosity, which yield the surface area that provides for the ability to adsorb 
gases and vapours from gases, and dissolved or dispersed substances from liquids. 
Activated carbons have the chemically inert nature of the graphitic internal surfaces, 
which are non-polar, except for a slight polarity which arises from surface oxidation. 
As a result, activated carbons tend to be hydrophobic and organophilic, which makes 
them available to separate process streams that contain trace amounts of water. 
Activated carbons are the only commercial adsorbent used to perform separation or 
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purification processes without requiring stringent moisture removal from the gas 
mixture. 
This chapter of the thesis falls into two sections. The first section deals with the 
thermodynamic consistency analysis of the experimental data and lAST calculations 
for the adsorption of binary methane/ethane mixtures in BPL activated carbon at 
301.4 K and at pressures up to 2.6 MPa. The second section considers the Monte 
Carlo simulation and PSD analysis of the isosteric heats of adsorption of methane in 
the same BPL activated carbon. A method to generate a more reliable PSD based on 
the fitting of experimental isosteric heats of adsorption for the BPL is proposed. This 
method is robust and can be applied to study the internal structures of any activated 
carbon samples. 
4.1 Adsorption of Binary Methane/Ethane Mixtures in BPL 
The adsorption of binary methane/ethane mixtures in BPL had already been carried 
out by Reich et al. [31] at 301.4 K, who found that the methane/ethane/BPL 
adsorption system behaves non-ideally, in the sense of deviating strongly from lAST; 
this would not have been expected based on bulk thermodynamics as methane and 
ethane closely follow Raoult's law in the liquid phase. This conclusion was supported 
by the measurements of Gusev et al. [98]. In this chapter of the thesis, we re-visit the 
methane/ethane/BPL adsorption system, using a combination of high-pressure 
volumetric adsorption measurements and microcalorimetry, for both pure gases and 
binary mixtures, in order to better understand the origin of the non-ideal adsorption in 
this system. lAST calculations and standard thermodynamic consistency tests are 
applied to check the thermodynamic consistency of the binary experimental data. 
4.1.1 Pure-gas Adsorption Equilibrium 
The isotherms for the adsorption of pure methane and ethane in BPL, obtained by 
Yuri [99] with the high-pressure apparatus at temperatures between 264 K and 373 K 
and at pressures up to 3.3 MPa. The pure-gas isotherms were correlated with the 
Jensen-Seaton equation [76], Equation (3.2) in Chapter 3. Figures 4.1 and 4.2 show 
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fitted Jensen-Seaton isotherms together with the experimental data for pure methane 
and ethane, respectively. Clearly, the Jensen-Seaton equation fits the pure adsorption 
isotherms of methane and ethane in BPL quite accurately across the whole 
temperature and pressure range; the relative error is less than 2%. The constants for 
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Figure 4.2: Adsorption isotherms of pure ethane in BPL activated carbon. 
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Table 4. 1. Parameters for the Jensen-Seaton equations for pure CH 4 and C2116 in BPL. 
Species Temp., K m K t K error 
264.2 14.61 5.560x10 2 0.381 -4.509x10 5 0.72 
methane 301.4 10.56 1.422x10 2 0.478 -2.736x10 5 1.11 
CH4 333.2 8.461 6.031x10 3 0.557 -1.571x10 5 1.25 
373.2 3.628 2.546x10 3 0.772 1.079x10 4 2.62 
ethane 
C2H6 
264.2 14.49 8.392 0.255 -6.131x10 5 1.08 
301.4 15.40 9.839x10' 0.277 -8.080x10 5 1.91 
333.2 14.39 2.054x10' 0.316 -8.945x10 5 1.02 
373.2 16.38 5.716x10' 0.329 -1.066x10 4 1.67 
The calorimetric isostenc heats of adsorption together with the adsorption isotherms 
of pure methane and ethane were measured with the Tian-Calvet type 
microcalorimeter at 297.6 K. The experimental results are presented in Appendix E. 
The pure-gas isotherms were also correlated using the Jensen-Seaton equation, but 
since the highest pressure is still quite low, K was set to be 0 (in which case the 
Jensen-Seaton isotherm reduces to the Toth isotherm, shown in Section 3.1.1) without 
any significant reduction in the goodness of fit. The pure-gas isosteric heats of 
adsorption were fitted with the Virial equation, Equation (3.8). The average error is 
about 0.2% for the fitting of the Toth equation to the low-pressure data, 
approximately the same as for the experimental data themselves, and 1.2% for fitting 
the Virial equation for the isosteric heat of adsorption, smaller than the experimental 
error. The fitting parameters are summarised in Table 4.2. The fits together with the 
experimental data are shown in Figure 4.3 for the isotherms and in Figure 4.4 for the 
isosteric heat of adsorption. The isosteric heats of adsorption of pure methane and 
ethane in BPL were also calculated from the Clausius-Clapeyron equation by 
evaluating the adsorption isotherms at different temperatures obtained with the high-
pressure apparatus, shown in Figures 4.1 and 4.2, and the results are also shown in 
Figure 4.4. The isosteric heat of adsorption of ethane in BPL, obtained from the 
Clausius-Clapeyron equation, agrees well with the calorimetric values. However, the 
calorimetric heat of adsorption of methane in BPL is about 2 Id/mol larger than the 
one obtained from the Clausius-Clapeyron equation. The reason for this difference is 
unclear. It is worth noting in this connection that Shen [100] also found a difference 
of 2 kJ/mol between the isosteric heat of adsorption obtained using the two methods 
for three distinct systems: nitrogen and oxygen on CaA, and CO2 on NaX. 
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Table 4.2. Fitting parameters for the Jensen-Seaton and Virial Equations of isotherms 
and isosteric heats of adsorrtion of nure methane and ethane in BPL at 297 K. 




M 	 4.26 	 20.69 
K 1.45x10 2 1.31 
t 	 0.656 	 0.257 
K 	 0.0 0.0 
Virial Equation Amount adsorbed < Amount adsorbed 
Parameters 0.5 mmollg >= 0.5 mmollg 
k1 22.423 36.66 32.958 
b1 -1.645 -24.87 -8.544 
Cl -18.921 27.52 4.268 
d1 17.273 -10.34 -0.786 
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Figure 4.3: Adsorption isotherms of pure methane and ethane in BPL at 297 K, 
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Figure 4.4: Isosteric heats of adsorption of pure methane and ethane in BPL at 297 K 
As we saw in Section 1.1.2, the isosteric heat indicates the degree of heterogeneity for 
the adsorbate-adsorbent interaction in a specific adsorption system [3]. Figure 4.4 
shows that the isosteric heat of ethane decreases more sharply than that of methane, 
suggesting that the adsorption heterogeneity in the ethane/BPL system is greater than 
that in the methane/BPL system. This is expected on physical grounds; because 
ethane is a non-spherical molecule, it can adopt different orientations with respect to 
the surface, and there is thus (compared with methane) a greater distinction between 
the highly favorable, high adsorption energy sites (mostly occupied at low pressure) 
in which the molecule "just fits", and less favorable sites. 
4.1.2 Binary Gas Adsorption Equilibrium 
The adsorption experiments for binary methane/ethane in BPL were carried out, also 
by Yun [99], at 301.4 K using the high-pressure apparatus. The data were collected 
along a fixed-pressure path and a fixed-gas-phase-composition path, as were those of 
the adsorption data of binary ethane/CO2 in MCM-41. Adsorption isotherms and 
individual heats of adsorption of each component for the adsorption of binary 
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methane/ethane mixtures in the same BPL were obtained with the microcalorimeter, 
and the results are shown in Appendix E. Since ethane adsorbs more strongly than 
methane adsorbs in BPL activated carbon at our experimental conditions, the gas 
phase is usually predominantly methane. 
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Figure 4.5: Adsorption isotherms for binary methane/ethane mixtures in BPL at 301.4 
K as a function of ethane gas fraction. (a) Pressure = 1397.0 kPa, (b) Pressure = 
683.75 kPa, (c) Pressure = 52.21 kPa. The isotherms in (a) and (b) are shifted 
upwards by 11.0 and 4.0 mmol/g, respectively. 
Talu and Myers [32, 33] have listed a number of tests of thermodynamic consistency 
for multicomponent adsorption systems. While thermodynamic consistency does not 
guarantee the accuracy of mixture data, it does give confidence of the accuracy of the 
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data. In Section 2.2.2, three consistency tests (CTs) were explained and they have 
been used to test the binary mixture results in this section. 
Figure 4.5 shows the experimental amount adsorbed of each species, and the total 
amount adsorbed as a function of the mol fraction of ethane at three different 
pressures together with the lAST predictions. The experimental data point at each end 
of the gas-phase composition is within experimental error of the corresponding 
amount adsorbed in the pure-gas experiment, obtained separately in a pure-gas 
adsorption experiment. Clearly, there is continuity between pure and binary mixture 
adsorption, therefore CT1 is satisfied. 
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Figure 4.6: Adsorption selectivity for ethane relative to methane at 301.4 K as a 
function of pressure. Plots in (a) and (b) are shifted upward by 60 and 30, 
respectively. 
The Henry's constants for ethane and methane adsorption are obtained by evaluating 
the adsorption isotherms in the low-pressure range using Equation (3.7), and they are 
122 
2.65x10' and 1.17x 10-2  mmolg'kPa' for ethane and methane adsorption in BPL, 
respectively. The Henry's constants can also be determined directed from data plotted 
in the vinal domain [33], with the results of 2.62x10' and 1.19x10 2 mmolgkPa 1 for 
ethane and methane, respectively. The Henry's constants calculated from the two 
methods agree well with each other, therefore the selectivity of ethane over methane, 
Setizane, met/zone, at zero pressure equals 22, obtained by Equation (2.13). Figure 4.6 
shows the experimental Setizane, met/zone together with the lAST predictions as a function 
of pressure at constant gas-phase compositions. The experimental selectivity and the 
lAST predictions both approach this value of 22 as the pressure tends to zero. 
Therefore, CT3 is satisfied. 
Thus, the data are seen to obey CT1 and CT3. The results for thermodynamic 
consistency test CT 2, which relates to lAST, will be shown in the next section of this 
thesis. 
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Figure 4.7: Adsorption selectivity for ethane relative to methane at 301.4 K as a 
function of ethane gas fraction. 
lAST predictions serve as a thermodynamic test of the data consistency and as a 
method to predict the mixed-gas adsorption. The principle equations of lAST for the 
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prediction of multicomponent isotherms are presented in Chapter 2, and more details 
can be found in ref. [30] for the calculation of the binary adsorption isotherms and in 
ref. [4] for the calculation of the individual isosteric heat of adsorption, q1, 1 , in a 
mixture adsorption equilibrium. lAST is itself thermodynamically consistent, so that 
experimental data closely following lAST are also consistent. 
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Figure 4.8: Adsorption isotherms for binary methane/ethane mixtures in BPL 
activated carbon at 301.4 K as a function of pressure. (a) yethe=  0.733, (b) yethe= 
0.511, (c) yethane=  0.284. The isotherms in (a) and (b) are shifted upwards by 12.0 and 
6.0 mmol/g, respectively. 
Figure 4.7 shows the lAST predictions as well as the experimental Setine, met/lane at 
constant pressures. Clearly, lAST gives accurate predictions for the selectivity across 
the pressure and gas-phase composition range, as shown in Figures 4.6 and 4.7. The 
very good agreement between lAST and the experimental data further confirms that 
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the latter are thermodynamically consistent. The lAST prediction crosses the 
experimental data once for all experimental conditions, therefore CT2 is satisfied. 
lAST predictions for the amount adsorbed of each species, and the total amount 
adsorbed together with the experimental data points are shown in Figure 4.5 as a 
function of ethane mol fraction at three different pressures, and in Figure 4.8 as a 
function of pressure at three different ethane gas-phase compositions. Clearly, lAST 
gives excellent predictions for the amount adsorbed for each species and the total 
amount adsorbed throughout the pressure and gas-phase composition range. This 
good agreement between lAST and experiment is in contrast to the data published by 
Reich et al. in 1980 [31] and Gusev et al. in 1996 [98], where a high degree of non-
ideality was found. 
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Figure 4.9: Adsorption isotherms of pure methane and ethane in BPL at 301.4 K. 
Figure 4.9 shows two sets of adsorption isotherms for pure methane and ethane at 
301.4 K. The only significant difference between Reich's results and ours for the 
pure gases is in the adsorption of ethane at high pressures. Our results are about 10% 
higher than those of Reich et al. Figure 4.10 shows our experimental data and those 









function of pressure at fixed gas-phase composition of Yethane = 0.733. The selectivity 
obtained in our experiments is much higher than the results of Reich et al. To 
compare the effect of using different pure-component isotherms as inputs to the lAST 
predictions, we carried out lAST calculations using both Reich's pure adsorption 
isotherms and ours. lAST, using either set of pure-component isotherms, gives good 
predictions of our mixture data. This is confirmed by another set of binary adsorption 
data at fixed gas-phase pressure of 684 kPa, and with varying gas-phase composition, 
as shown in Figure 4.11. Thus we conclude, firstly, that lAST gives good predictions 
of our mixture data, and secondly, that the inconsistency between our results and 
those of Reich et al., in terms of the ideality or non-ideality of the adsorbed phase, is 
only in the mixture data. 
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Figure 4.10: Comparison with Reich's binary experimental data and the lAST as a 
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Figure 4.11: Comparison with Reich's binary experimental data and the lAST as a 
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Figure 4.12: Individual heat of adsorption for binary methane/ethane mixtures in BPL 
activated carbon at 298 K as a function of pressure with estimated ethane gas phase 
fraction of 0.953. 
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Some data points, having almost the same methane gas-phase composition about 
0.95, were selected from the two sets of experimental data of the binary mixture 
adsorption experiments using the microcalorimeter. lAST was applied to predict the 
individual heats of adsorption for these data using the method of Dunne et al. [4]. 
The results are shown Figure 4.12. Clearly, lAST gives good predictions of the 
individual heat of adsorption of ethane in the binary methane/ethane mixture 
adsorption in BPL. For methane, there is a small (<3%) difference between the lAST 
predictions and experiment. This good agreement further confirms the ideality of the 
methane/ethane/BPL adsorption system. 
On the basis of the thermodynamic consistency tests and excellent lAST predictions, 
we conclude that our data of methane and ethane adsorption in BPL activated carbon 
are internally consistent and the methane/ethanelBPL adsorption system behaves 
ideally throughout the pressure and gas-phase-composition range. 
4.2 MC Simulation and PSD Analysis of the Isosteric Heat of Methane in BPL 
The pore size distribution (PSD) model is widely used to characterize the internal 
structure of activated carbons, based on the adsorption integral equation: 
n(1)=fp(w,1)f(w)dw 	i=1 ..... n 	 4.1 
where n(P) is the experimentally determined amount adsorbed at pressure P,, 
p(w, Pi ) is the adsorbate density in a pore model of width w at pressure P,, f(w) is the 
PSD and n is the total number of experimental data points. The PSD is conventionally 
obtained by fitting to a suitably chosen experimental adsorption isotherm, and may 
then be used to predict pure-gas adsorption isotherms of the same or a different 
adsorptive at the same or different temperatures, or to predict multicomponent 
adsorption. The ability of a PSD, combined with a suitable model for adsorption in 
individual pores, to accurately predict adsorption across a wide range of conditions is 
a measure of its usefulness in technological applications [18, 19].  This PSD-based 
approach to the prediction of adsorption has been applied to adsorption in porous 
carbons by McEnaney et al. [101], Davies and Seaton [40],  Gusev et al. [102], Gusev 
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and O'Brien [103], Saimos et at. [104], LOpez-Ramón et at. [105], using Grand 
Canonical Monte Carlo (GCMC) simulation to generate the single-pore isotherms, 
p(w, Pi)  . 
As shown in Chapter 2, adsorption equilibrium is characterized not only by the 
adsorption isotherms but also by the isosteric heat of adsorption. The isosteric heat is 
a direct indicator of the heterogeneity of the interaction between the adsorptive (either 
a pure gas or a mixture) and the adsorbent [3]. This variable is also required for the 
calculation of energy balances in industrial adsorption processes for gas separation 
and gas storage. Nicholson [14] carried out GCMC simulations of the isosteric heat of 
adsorption of methane and CO 2 in smooth-walled slit pores, based on three arbitrarily 
chosen pore size distributions, and found that the isostenc heat of adsorption was 
highly sensitive to the presence of very small pores in the adsorbent; the isosteric heat 
in a single slit-shaped pore was obtained by analyzing fluctuations in a GCMC 
simulation. Pan et al. [106, 107] calculated the isosteric heat of propane and butane in 
the Westvaco BAX activated carbon by numerically differentiating the energy of 
adsorption calculated using nonlocial density functional theory, using the PSD of the 
samples calculated by fitting the isotherms of nitrogen in the same carbon at 77 K. 
While these studies elucidated the connection between isosteric heat and pore 
structure, they did not attempt a quantitative account of the isosteric heat in a real 
activated carbon adsorbent by a Monte Carlo simulation. 
In this section, we combine Monte Carlo simulation of adsorption and a PSD model 
of the pore structure to quantitatively describe the heat of adsorption in an activated 
carbon, and go on to use this PSD model, with parameters fitted to the isosteric heat, 
to predict the adsorption isotherms. This allows us to make a rigorous test of the 
realism of the PSD, and to test the ability of a PSD fitted to the isosteric heat (rather 
than the conventional approach of fitting to an isotherm) to predict adsorption. 
4.2.1 The Isosteric Heat of Adsorption and the PSD 
As outlined in Section 1.1.2, the isosteric heat of adsorption can be obtained 
experimentally using the Clausius-Clapeyron equation (Equation 1.15), and Sections 
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2.3.5 and 2.3.6 showed the methods to calculate the isosteric heat in a MC simulation 
(Equations 2.23 and 2.24). The difference between the simulated and experimental 
results have been shown in Section 2.27, especially for the internal energy and the 
isosteric heat (Equations 2.28 and 2.30). 
The isosteric heat of adsorption in the adsorbent as a whole is related to the isostenc 
heat in individual pores and the PSD by an adsorption integral equation analogous to 
Equation (4.1): 
	
fq 5 (w,F)p(w,F)f(w)dw 	
4.2 
f p(w, P1 )f(w)dw 
where q(P) is the experimental isosteric heat of adsorption at pressure P1 , and q51('w, 
P•) is the simulated isosteric heat of adsorption in a individual pore of width w at 
pressure P,. The PSD, f(w), is obtained by solving Equation (4.2) using isosteric heat 
data, rather than the isotherm data, as the experimental inputs. The PSD obtained can 
then be used to predict the adsorption isotherms or the isosteric heats of adsorption of 
the same or different adsorbates in the same adsorbent, and over a wide range of 
temperatures and pressures. 
4.2.2 Molecular Models for BPL activated carbon 
The pores in the activated carbon adsorbent are modeled as slits, and each pore wall 
consists of an infinite number of structureless graphitic layers composed of Lennard-
Jones sites. The interaction between a site on an adsorptive molecule and a single 
semi-infinite slab of graphite is given by Steele's 10-4-3 potential [108]: 
A[ 2 ( Orf 07 	 o. 	1 
= 4.3 
z1 	3L(z1 +0.61A)] 
where p is the number of carbon atoms per unit volume in the graphitic layer ( 0.114 
A is the separation distance between layers of graphitic carbon ( 3.35 A), and 
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z 1 is the distance between the site and the surface. The parameters (Y and s/kB for the 
carbon are 3.40 A and 28.0 K, respectively. The overall interaction between an 
adsorbate site and the two pore walls is given by: 
u- = u(z 1 )+ U:i(W z1 ) 
	
4.4 
As shown in Section 2.3.5, GCMC simulations, in which the temperature, the volume 
of the simulation cell and the chemical potential of the adsorbate are kept constant, 
were carried out for the adsorption isotherms of pure methane and ethane in single 
slit-shaped pores. The absolute configurational energy of the adsorbates was obtained 
by a CMC simulation (see Section 2.3.6), in which the number of molecules in the 
pore, the temperature and the volume of the simulation cell are kept constant. More 
details of the GCMC and CMC simulations can be found in refs. [35, 361. Both 
simulations were carried out in a rectangular simulation cell, which is bounded in the 
z direction by the pore walls and replicated in the x and y directions. The cell length in 
the x and  directions is 57.15 A and periodic boundary conditions are applied in these 
directions. The cut-off distance, beyond which the potential is neglected, is set to be 
15.24 A. 
4.2.3 Simulation Results 
Figure 4.13 shows the overall adsorptive-wall potential function, given by Equation 
(4.3), for methane. In small pores, there is a high degree of overlap between the two 
adsorptive-wall potentials and adsorption is possible only near the center of the pore. 
In larger pores, the adsorptive-wall potentials do not overlap with each other and the 
most attractive potential is found to be around 1. l2cYf from both the walls. The 
potential in the center of the pores is quite small in larger pores. The boundary 
between these two types of behaviour is about 10 A, with pores smaller than this 
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Figure 4.13: Methane-adsorbent potential as a function of the distance to the middle 
of the pore with pores size of 6.5 A, 7.62 A and 15.46 A, respectively. 
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Figure 4.14: AlE of methane at 301.4 K. 
In Section 2.3.8, we proposed a method to convert absolute internal energy to the 
excess counterpart using AlE, and the aie  for the adsorption of methane at 301.4 K in 







4.14. The negative values of the AlE reflect the exothermicity of adsorption; the more 
negative the AlE, the stronger the adsorption. The AlE in the smallest pore, of width 
6.1 A is a positive value, which means that the adsorption of methane in such a small 
slit pore is energetically unfavourable. The AlE becomes sharply more negative as the 
pore size increases from 6.1 A to 7.6 A and it reaches a minimum at a pore width of 
about 7.6 A; then it starts to increase gradually as the pore width increases, reflecting 
the lower average energy experienced by a molecule placed at random in larger pores. 
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Figure 4.15: Comparison of simulated absolute and excess adsorption. 










The absolute adsorption isotherms of methane in 7.62 A and 26.67 A pores obtained 
from the GCMC simulations, and the absolute internal energies of the adsorbate from 
the CMC simulations, are shown in Figure 4.15; the excess counterparts, obtained by 
Equations (2.27) and (2.30) respectively, are also shown in the figure. In small pores, 
since the accessible pore volume is small and the adsorbate density high, the 
difference between absolute and excess adsorption isotherms is small at low pressures 
(for example, less than 2% for adsorption in the 7.62 A pore at pressures less than 
1MPa), but it becomes substantial at high pressures (about 10% when at 2 MPa in the 
7.62 A pore). The difference between absolute and excess adsorption isotherms is 
much larger in bigger pores (14% for the 26.67 A pore) even at low pressures. For the 
internal energy of adsorption, the difference between the absolute and excess values is 
quite small in small pores, less than 1.5% for the pressure range we studied when the 
pore width is less than about 7 A. In contrast, the difference between the absolute and 
excess potential in big pores is substantial (between 3 and 5%) across the whole 
pressure range. The relatively small adjustment between absolute and excess 
quantities in the case of the isosteric heat, compared with the amount adsorbed (5% 
for the internal energy versus 14% for the isotherms), is due to the fact that the AlE 
becomes increasingly small as the pore width increases, whereas the correction to the 
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Figure 4.16: Comparison between the absolute and excess values of the isostenc heat 
of adsorption for pores with different pore width. 
134 
Figure 4.16 shows the difference between the absolute and excess isosteric heat of 
adsorption obtained using Equation (2.29). For all the pores, the excess isosteric heat 
of adsorption is larger than the absolute value, as found for the similar adsorption 
system by Myers [20]. The relationship between the excess and absolute isosteric 
heats can be understood more clearly by combining Equations (2.26), (2.27), (2.29) 
and (2.30), to give: 
(q51 	—Rnv-— abs 
ex 	abs 	 aP JT 4.5 q 51 - q51 = 
	 ( aN 
a ex P JT 
The derivative in the numerator is related to the compressibility of the bulk gas, Z, by 
(apfl - 1 
( aPJTZRT 
we 
For a bulk gas that is only slightly non-ideal, as for methane and ethane under these 
conditions, this factor is only a weak function of pressure. The derivative in the 
denominator is the slope of the excess adsorption isotherm, which is greater at low 
pressure than at high pressure, and is greater for smaller pores than for larger pores 
(see Figure 4.15). From Equation (4.5), then, one would expect the difference 
between absolute and excess isosteric heats to be greatest at high pressure, and to 
generally increase with pore width. Both of these effects are seen in Figure 4.16. 
The isosteric heat of adsorption has two physically distinct contributions: the 
interaction between the adsorbate molecules and the adsorbent and the interaction 
between the adsorbates themselves. For the adsorption potential in heterogeneous 
carbons, the adsorbate-adsorbent interaction decreases as the loading increases 
because of the heterogeneity effect of the adsorbent, but the latter increases with the 
pressure because the more adsorbates in the pore the stronger the interaction between 
the adsorbate molecules will be. The combination of these two contributions makes 
the excess isosteric heat of adsorption always increase with pressure in the case of 
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adsorption of methane in single slit-shaped pores in our study, shown in Figure 4.16. 
Figure 4.17 shows the isobar for the excess isosteric heat of adsorption of methane at 
301.4 K as a function of pore width at three different pressures. The excess isosteric 
heat of adsorption at any pressures increases with the pore size and then decreases 
after it reaches a maximum at about 7.6 A. For pores larger than 20 A, the excess 
isostenc heat of adsorption is almost independent of the size of the pores. There is a 
second, very much smaller, peak at a pore width of about 12 A and at a pressure of 2 
IVIPa, presumably because under these conditions the increase in the isosteric heat 
caused by the cooperative interaction between the adsorbate molecules is much higher 
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Figure 4.17: Isobar of the simulated excess isosteric heat of methane at 301.4 K. 
As discussed in the Section 4.2 1, PSDs are conventionally obtained by using Equation 
(4.1) to match the experimental adsorption isotherm with the simulation counterpart. 
Figure 4.18 shows three different PSDs. "PSD-1" (Figure 4.18.a) and "PSD-2" 
(Figure 4.18.b) are obtained using the conventional approach. There is a maximum in 
the first PSD ("PSD-1") at pores with a width around 11 - 12 A, while this peak 
comes earlier in PSD-2 at 9 - 10 A. These two PSDs both fit the experimental 
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Figure 4.18: PSDs for BPL obtained by different methods. PSDs (a) and (b) are 
obtained using Equation (4.1) and PSD (c) is obtained using Equation (4.2). 
137 
The PSDs were then used to predict the isosteric heat of methane in BPL using 
Equation (4.2); the results are shown in Figure 4.20. PSD-1 underestimates the 
isosteric heat at pressures lower than 500 kPa, and greatly overestimates the isostenc 
heat when the pressures are greater than 500 kPa. PSD-2 gives reasonably good 
predictions of isosteric heat at pressures higher than 500 kPa, although it 
underestimates isosteric heats at pressures lower than 500 kPa. It can be concluded 
that the fact that a PSD gives a good fit of the adsorption isotherm does not guarantee 
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Figure 4.19: Fits of the adsorption isotherms of methane in BPL activated carbon at 
301.4 K based on the PSD model. 
Having established that fitting the PSD to isotherm data using Equation (4.1) does not 
necessarily give a good account of the isosteric heat, we now fit the experimental 
isostenc heat of adsorption of methane in BPL activated carbons using Equation (4.2) 
to get another PSD. The resulting PSD ("PSD-3") is shown in Figure 4.18.c and the fit 
between the experimental and simulated isosteric heats of adsorption of methane in 
BPL activated is shown in Figure 4.21. As it can be observed there is very good 
agreement between the simulated and experimental values. The simulated isostenc 
heat of adsorption, as well as the experimental one, decreases with pressure and 
becomes nearly constant at high-pressure range, which is typical for adsorption in a 
highly heterogeneous adsorbent. The PSD obtained by fitting to the isosteric heat is 
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quite different from the two previously obtained by fitting to the isotherms. In 
particular, its "information content" is greater, giving a much greater variation in the 
PSD with pore width and showing two major peaks instead of one. 
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Figure 4.20: Predictions of the isosteric heat of adsorption of methane in BPL 
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Figure 4.21: Fitting results of the isosteric heat of adsorption of methane in BPL 
activated carbon based on the PSD model. 
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PSD-3 was then used to predict the adsorption of methane at 301.4 K and 264.6 K and 
also the adsorption isotherm of ethane at 301.4 K. The results are shown in Figure 
4.22. Clearly, this PSD gives accurate predictions of the isotherms of methane in BPL 
at different temperatures with a relatively small error (usually less than 3%), and also 
gives accurate predictions for ethane at the same temperature. 
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Figure 4.22: Prediction of adsorption isotherms based on the PSD obtained by fitting 
the isostenc heat of adsorption of methane in BPL activated carbon. 
4.3 Summary 
The Tian-Calvet type microcalori meter was used to measure the adsorption isotherms 
and calorimetric heats of the adsorption of binary methane/ethane mixtures in BPL. 
The calorimetric experimental data, together with the data for the adsorption 
isotherms of binary methane/ethane in BPL, obtained using the high-pressure 
apparatus by Yun [99], passed a set of thermodynamic consistency tests. In contrast to 
the data published by Reich et al. [31] and Gusev et al. [98], we found that the 
adsorption of binary methane/ethane in BPL activated carbon behaves ideally, in 
excellent agreement with lAST. 
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We used a combined Monte Carlo simulation and PSD analysis to investigate 
adsorption in an activated carbon, using the isostenc heat, rather than the adsorption 
isotherm, as the experimental input. We found that while the PSD obtained from the 
isosteric heat can be used to predict the isotherms of the two components we studied, 
the reverse process (fitting to an isotherm and predicting the isosteric heat) is much 
less accurate. We conclude that the isosteric heat is a more sensitive measure of the 
structure of activated carbon adsorbents. 
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Chapter 5. 
Conclusions and Future Work 
The main objective of this thesis is to study the effect of the surface energy 
heterogeneity of the adsorbent on adsorption equilibrium and to accurately predict 
multicomponent adsorption equilibrium. The surface heterogeneity of an adsorbent 
can be broken into two categories: structural and energetic heterogeneity. As outlined 
in Chapter 1, structural heterogeneity comes from the presence of difference pore 
sizes, shapes or connectivities, while energetic heterogeneity results from surface 
irregularities as well as from the presence of functional groups and impurities. These 
two aspects of surface heterogeneity effect were studied separately using Monte Carlo 
simulation for two different types of adsorbent materials in this thesis. In particular, 
since there is nearly no structural heterogeneity for MCM-41 type materials (see 
Chapter 3), only the energetic heterogeneity was probed in studying adsorption in 
MCM-41. The structural heterogeneity was studied by applying Monte Carlo 
simulation and PSD analysis for adsorption of methane and ethane in BPL activated 
carbon. 
Chapter 4 studied the adsorption of binary methane/ethane in BPL activated carbon. 
In contrast to two sets of data [31, 981 previously published, we found that the 
adsorption of binary methane/ethane mixtures in BPL behaves ideally (in the sense of 
obeying lAST) throughout the pressure and gas-phase composition range studied. The 
structural heterogeneity of activated carbon was studied by a combined investigation 
of Monte Carlo simulation and PSD analysis. In this thesis, isosteric heats, rather than 
adsorption isotherms were used as the experimental inputs to obtain a PSD for BPL. 
We found that the PSD obtained by fitting the simulated isosteric heats with the 
experimental counterparts gives much more "information content" and it also gives 
good predictions for the adsorption isotherms of the methane and ethane in BPL; the 
reverse process (fitting to an isotherm and predicting the isosteric heat) is much less 
accurate. Therefore, the structural heterogeneity of activated carbon can be better 
probed using this method rather than the traditional method by fitting the isotherms to 
obtain a PSD. The simulated isosteric heat in a single pore was obtained using CMC 
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method, and the "AlE" method was proposed to convert the absolute isosteric heat to 
the excess counterpart. This method works well for the pure-gas isostenc heat, and it 
is expected that this approach could be applied for binary adsorption systems. 
Three different pore-structure models for MCM-41 (the Cylindrical, the a-quartz and 
the Amorphous Model) were proposed to study the energetic heterogeneity of MCM-
41 by studying the adsorption of pure ethane and CO2 and binary ethane/CO 2 
mixtures in MCM-41 using Monte Carlo simulation. The Amorphous Model, which 
has an amorphous interfacial region on the pore surface that accounts for the energetic 
heterogeneity of MCM-41 materials, proves to be the best model, giving excellent 
agreement between simulated isotherms and their experimental counterparts for the 
adsorption of pure ethane and CO 2 in MCM-41 at 264.6 K. The model was then used 
to predict the adsorption of both pure ethane and CO2 at different temperatures, and 
the binary ethane/CO 2 mixtures at 264.6 K, giving accurate predictions. The realism 
of the Amorphous Model was also proved by the excellent predictions of adsorption 
isotherms of methane and the isosteric heat of adsorption of ethane in the same MCM-
41 materials. These accurate predictions suggests one possible application of the 
Amorphous Model for MCM-41, which is that it could be used to predict industrial 
separation processes, e.g. gas separation and/or storage in MCM-41 type materials, 
using Monte Carlo simulation. Section 3.3.8 showed the usefulness of the Amorphous 
Model of MCM-41 for the separation of CO2 from a flue gas. 
A natural extension of the work presented in this thesis is to use the models, 
especially the most successful Amorphous Model for MCM-41, to attempt predictions 
of pure and multicomponent adsorption involving different adsorbates. In this thesis, 
the adsorbates applied are ethane and CO 2, with the former is essentially non-polar 
and the latter is a polar molecule. It is expected that the Amorphous Model would be 
successful in predicting adsorption of adsorbates with similar or even more polar 
polarity, for example, nitrogen, oxygen, short-chain hydrocarbons, water, and short-
chain alcohols etc. However, experimental measurements involving the high-pressure 
apparatus and the microcalori meter should be taken to test the simulated results. 
The pore models of the adsorbent play an important role in molecular simulation. In 
this thesis, all the models applied are based on a one-dimensional channel, while the 
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real structures ofMCM-41 material are much more complex. Therefore, it is expected 
in future work that some more complex and appropriate models which could better 
represent the real materials can be proposed. As shown in Chapter 3, the cylindrical 
pores in MCM-4 1 are arranged in a hexagonal way, therefore a three-dimensional 
Amorphous Model that mimic the real pore geometry of MCM-4 1 could be generated 
using the same energy-minimization algorithm as that for the Amorphous Model (see 
Section 3.3.1.3). A graphic representation of the model is shown in Figure 5.1. In 
doing so, it is expected that the influence of the finite-size effects of the one-
dimensional models on adsorption in MCM-4 1 could be minimized and that the 
geometry of MCM-41 materials could be better understood. For example, the 
influence of the pore wall thickness on the adsorption equilibrium, the relationship 
between the pore size and pore wall thickness, finite-size effects in the x and y 
dimensions in the simulation, and the influence of the adsorption in one pore on the 
adsorption on another pore, could then be studied. However, more oxygen and silicon 
atoms are needed to form the matrix of the model. As computer power continues to 
increase, as well as the development of the simulation techniques, the applicability of 
this more complex model could be a reality. 
Figure 5.1: A three-dimensional Amorphous model for MCM-41. Red: Oxygen 
Atoms; Blue: Silicon Atoms; Green: Surface Hydrogen Atoms. 
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Experimental data form the foundation for the development of theories, including 
thermodynamics and molecular simulation. Therefore, in this thesis, the high-pressure 
volumetric apparatus was used to obtain the experimental adsorption isotherms of 
pure ethane, CO 2 and the binary ethane/CO 2 mixtures in MCM-41. As the isosteric 
heat of adsorption is a direct indicator of the heterogeneity of the gas-solid interaction 
and is thus highly sensitive to the surface heterogeneity effect of the adsorbent, a 
Tian-Calvet type microcalori meter was designed and constructed to measure the 
isosteric heat directly for both pure-gas and binary mixtures adsorption. In particular, 
the microcalonmeter was used to measure the adsorption isotherms and isostenc heats 
for the adsorption of pure methane, ethane and CO 2 in MCM-41 and pure methane 
and ethane in BPL. The same apparatus was also applied to obtain the isotherms and 
individual heats of adsorption for binary mixtures methane/ethane, methane/CO 2 , 
ethane/CO 2 in MCM-41 and binary methane/ethane in BPL. These experimental 
measurements form one the main accomplishments of this thesis. 
In summary, the work presented here studies the effect of adsorbent heterogeneity 
using Mote Carlo simulation, with a different aspect of heterogeneity being probed for 
different types of materials. The work also shows that molecular simulation, allied to 
a molecular-level description of the adsorbent and adsorbate, is becoming an 
important tool for the study of adsorption and other aspects of science and 
engineering, based on a foundation of accurate adsorption measurements. 
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Appendix A. Pure-gas Adsorption Experimental Data 













264.6 K 273.2 K 303.2 K 
2.800 0.079 2.027 0.043 4.280 0.034 
3.693 0.100 2.653 0.054 4.560 0.036 
7.280 0.179 8.706 0.156 11.906 0.089 
14.000 0.306 14.133 0.238 22.986 0.162 
15.280 0.322 16.546 0.269 34.466 0.232 
26.946 0.505 26.413 0.393 37.492 0.249 
27.359 0.5 17 33.093 0.473 52.825 0.334 
39.732 0.681 36.066 0.503 74.238 0.444 
47.212 0.781 46.292 0.611 100.264 0.571 
53.785 0.854 53.532 0.687 120.397 0.660 
68.598 1.022 60.292 0.748 200.528 0.987 
82.091 1.164 75.411 0.886 309.192 1.371 
92.398 1.282 90.784 1.017 327.325 1.430 
103.464 1.377 91.064 1.031 497.988 1.939 
157.996 1.848 125.197 1.293 729.848 2.525 
194.528 2.139 197.995 1.789 807.313 2.681 
292.393 2.793 201.595 1.817 1068.773 3.245 
304.526 2.877 332.125 2.543 1464.230 3.964 
470.922 3.824 349.325 2.636 1674.891 4.156 
527.187 4.108 517.987 3.415 1927.952 4.721 
644.384 4.742 550.386 3.549 2070.215 4.797 
781.847 5.525 655.050 3.994 2349.008 5.257 
795.447 5.641 750.381 4.374 2388.207 5.414 
860.512 6.158 764.648 4.442 2530.470 5.516 
895.044 6.505 906.111 5.048 2565.003 5.650 
932.643 6.944 996.775 5.478 2653.667 5.676 
985.709 7.515 1027.574 5.603 2682.466 5.774 
1011.308 7.688 1093.306 6.026 
1195.170 8.443 1204.637 6.802 
1273.701 8.512 1215.170 6.835 
1512.629 8.798 1349.833 7.629 
1553.295 8.788 1352.900 7.610 
1735.423 8.988 1531.162 8.018 
1885.553 9.248 1629.426 8.154 
1923.819 10.416 1819.555 8.306 
1926.219 11.281 2139.680 8.479 




Table A.2. Pure-gas adsorption of ethane in M41C16 
P 	n 	 P 	n 	 P 	n 
kPa mmol/g kPa mmol/g kPa mmollg 
264.6 K 	 273.2 K 	 303.2 K 
8.493 0.182 15.933 0.238 25.333 0.162 
10.506 0.225 16.453 0.248 64.025 0.370 
11.386 0.228 36.399 0.479 259.727 1.172 
29.479 0.508 42.292 0.533 564.253 2.078 
32.613 0.564 61.492 0.727 891.178 2.841 
36.666 0.591 68.265 0.778 1194.637 3.460 
56.985 0.849 170.929 1.576 1487.163 3.989 
62.652 0.901 179.196 1.611 1791.955 4.499 
143.463 1.693 366.524 2.643 2154.479 5.091 
150.130 1.760 379.724 2.741 1484.630 3.831 
154.263 1.764 557.719 3.480 
280.393 2.689 653.850 3.927 
280.660 2.660 823.579 4.533 
296.393 2.776 1003.575 5.327 
455.989 3.662 1089.973 5.488 
483.455 3.827 1154.638 5.951 
491.188 3.881 1337.167 7.119 
603.318 4.421 1364.766 7.453 
715.715 5.018 1366.233 7.370 
771.047 5.292 1675.425 8.257 
793.314 5.453 1679.291 8.297 
879.845 5.962 1704.357 8.442 
921.844 6.229 2123.814 8.773 






























264.6 K 273.2 K 303.2 K 
2.427 0.061 3.200 0.058 3.040 0.022 
2.587 0.063 7.280 0.119 10.480 0.071 
6.187 0.136 15.546 0.224 13.653 0.091 
6.667 0.142 26.866 0.348 23.253 0.146 
8.613 0.178 40.119 0.476 38.479 0.227 
13.360 0.252 58.759 0.638 42.706 0.247 
22.693 0.385 76.745 0.782 64.678 0.35 1 
27.106 0.438 133.197 1.177 88.331 0.454 
41.332 0.605 244.661 1.821 117.330 0.572 
49.852 0.699 417.056 2.632 191.462 0.843 
56.892 0.769 601.185 3.375 263.327 1.076 
71.638 0.912 855.312 4.312 351.458 1.339 
84.678 1.032 1054.640 5.064 496.654 1.730 
101.998 1.181 1219.836 5.763 638.651 2.069 
122.797 1.349 1394.498 6.621 768.381 2.363 
200.795 1.905 1527.562 7.518 898.911 2.635 
264.393 2.308 1620.759 8.595 983.975 2.818 
365.458 2.867 1742.223 10.337 1248.635 3.333 
417.323 3.133 1984.617 11.115 1252.635 3.347 
523.320 3.649 2201.812 11.617 1441.297 3.720 
624.251 4.121 2395.807 13.284 1581.827 3.991 
710.916 4.523 2401.407 14.905 1761.156 4.323 
770.914 4.802 1943.018 4.705 
836.512 5.128 2058.749 4.920 
916.777 5.534 2252.744 5.431 
1014.241 6.073 2270.877 5.478 
1078.240 6.462 2464.205 6.056 
1110.772 6.720 2492.338 6.155 
1165.571 7.189 2612.201 6.697 



























264.6 K 273.2 K 303.2 K 
1.573 0.053 2.587 0.060 4.387 0.036 
2.653 0.087 8.026 0.167 12.266 0.096 
4.200 0.130 18.826 0.352 24.693 0.183 
10.760 0.297 32.439 0.554 41.946 0.297 
11.733 0.321 45.666 0.732 63.692 0.429 
20.919 0.517 58.879 0.896 81.891 0.534 
30.719 0.705 71.465 1.043 137.063 0.827 
33.013 0.744 104.931 1.400 279.326 1.464 
46.239 0.967 193.595 2.183 493.454 2.246 
75.998 1.410 352.125 3.282 771.314 3.072 
97.198 1.692 577.186 4.475 1051.307 3.769 
168.396 2.475 786.914 5.394 1252.235 4.221 
198.795 2.770 1019.175 6.299 1557.561 4.826 
283.993 3.489 1327.167 7.422 1784.355 5.228 
357.591 4.032 1562.894 8.320 1959.284 5.540 
445.722 4.603 1816.621 9.477 2150.746 5.843 
584.519 5.414 1992.750 10.678 



























264.6 K 273.2 K 303.2 K 
10.240 0.266 10.413 0.195 31.026 0.213 
11.146 0.285 13.626 0.251 66.745 0.427 
26.546 0.594 25.813 0.431 218.795 1.170 
31.306 0.673 41.439 0.648 483.055 2.158 
51.625 1.009 48.092 0.724 748.915 2.957 
120.397 1.906 66.545 0.952 1027.441 3.665 
128.263 1.980 149.330 1.775 1275.968 4.224 
264.927 3.248 156.263 1.808 1569.161 4.808 
267.993 3.297 316.259 2.972 1831.688 5.279 
439.722 4.473 367.457 3.326 1935.418 5.462 
498.521 4.867 450.522 3.751 1247.035 4.111 
551.053 5.137 553.453 4.271 
685.850 5.851 612.251 4.604 
757.581 6.262 624.518 4.601 
772.514 6.282 803.447 5.371 
842.379 6.619 916.244 5.886 
1022.374 7.475 1297.568 7.299 
1033.174 7.591 1372.632 7.524 
1256.235 8.678 1574.227 8.332 
1451.297 9.813 1795.688 9.251 




Table A.6. Pure-gas adsorption of CO 2 in M41C22 
P n P n P n 
kPa mmol/g kPa mmol/g kPa mmol/g 
264.6K 273.2K 303.2K 
1.787 0.060 1.773 0.041 18.560 0.137 
3.867 0.120 2.800 0.064 39.372 0.269 
4.627 0.142 7.146 0.149 58.772 0.381 
11.773 0.313 7.546 0.155 82.838 0.509 
14.613 0.371 16.506 0.305 138.797 0.836 
22.333 0.521 17.866 0.326 299.326 1.478 
34.199 0.722 30.239 0.499 554.653 2.295 
34.799 0.728 31.839 0.521 837.712 3.045 
49.972 0.957 47.105 0.707 1140.105 3.742 
66.718 1.181 50.772 0.749 1425.298 4.333 
83.731 1.389 66.692 0.921 1625.959 4.729 
106.797 1.653 68.585 0.941 1831.288 5.132 
217.061 2.670 118.930 1.373 1955.951 5.406 
224.794 2.716 124.130 1.459 
398.523 3.938 225.461 2.213 
508.254 4.550 232.661 2.254 
629.051 5.206 392.124 3.200 
901.177 6.499 404.390 3.274 
939.310 6.620 548.386 3.978 
1149.705 7.626 619.851 4.295 
1354.633 8.616 763.581 4.892 
1411.965 8.823 825.579 5.140 
1522.095 9.532 1017.841 5.855 
1662.358 10.312 1085.840 6.103 
1668.225 10.488 1214.370 6.573 
1808.221 11.636 1322.767 6.948 
1821.688 11.624 1467.697 7.477 
1893.419 12.658 1533.695 7.729 
1955.418 13.852 1722.890 8.476 




2050.6 15 10.047 
2107.281 10.474 
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Appendix B. Binary Mixture Adsorption Experimental Data 
Table B.!. Binary ethane (1)/CO2 (2) adsorption in M4 1C 14 at 264.6 K 
P flj n2 flTotal 
(2,1) 	Xj KPa mmol/g mmol/ mmol/g 
y' = 0.125 
147.588 0.279 0.219 1.816 0.782 	0.154 
1489.211 1.084 1.163 9.261 1.073 0.117 
yj = 0.471 
151.454 1.098 0.838 2.040 0.763 0.538 
201.983 1.333 1.008 2.467 0.756 0.540 
302.108 1.708 1.291 3.161 0.756 0.540 
502.625 2.325 1.730 4.271 0.744 0.544 
992.452 3.469 2.623 6.420 0.756 0.540 
1488.278 4.035 3.456 7.923 0.856 0.509 
1607.734 5.052 4.217 9.796 0.835 0.516 
1757.055 5.302 4.451 10.309 0.840 0.514 
yj = 0.587 
151.721 1.372 1.038 2.102 0.757 0.653 
1757.189 6.748 5.327 10.494 0.790 0.643 
= 0.895 
151.721 2.044 1.660 2.238 0.813 0.913 
1491.344 9.287 4.864 9.857 0.524 0.942 
1756.656 11.719 6.955 12.534 0.594 0.935 
Table B.2. Binary ethane (1)1CO2 (2) adsorption in M41C16 at 264.6 K 
P flj fl2 flTotal 
S2,1 Xj 
KPa mmol/g mmol/ mmol/g 
y = 0.124 
206.383 0.377 1.911 2.288 0.721 0.165 
499.559 0.641 3.415 4.056 0.757 0.158 
1000.318 0.949 5.731 6.680 0.874 0.142 
1509.076 1.153 8.554 9.707 1.055 0.119 
yj = 0.471 
194.651 1.272 1.092 2.364 0.764 0.538 
499.026 2.311 1.911 4.223 0.736 0.547 
1000.318 3.432 2.914 6.346 0.756 0.541 
1504.943 4.592 4.292 8.885 0.832 0.517 
yj = 0.587 
197.984 1.616 0.859 2.475 0.755 0.653 
497.426 2.869 1.450 4.320 0.718 0.664 
996.851 4.394 2.182 6.576 0.706 0.668 
1506.009 5.676 3.022 8.698 0.757 0.653 
y' = 0.895 
198.917 2.428 0.212 2.640 0.751 0.920 
502.892 4.407 0.329 4.735 0.641 0.931 
1001.918 6.754 0.440 7.194 0.560 0.939 
1504.943 9.088 0.554 9.642 0.524 0.943 
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Table B.3. Binary ethane (1)/CO2 (2) adsorption in M41C22 at 264.6 K 
P nj n2 flTotal 
S(2,1) Xj KPa mmol/g mmol/ mmol/g 
y' = 0.125 
203.583 0.380 1.660 2.040 0.622 0.186 
504.625 0.648 3.046 3.694 0.669 0.175 
1005.651 0.927 5.007 5.934 0.768 0.156 
1507.609 1.299 9.911 11.210 1.085 0.116 
y, = 0.363 
203.317 0.994 1.185 2.179 0.678 0.456 
503.292 1.649 2.148 3.798 0.741 0.434 
1005.117 2.485 3.372 5.857 0.772 0.424 
1506.543 3.264 4.624 7.888 0.806 0.414 
yi = 0.471 
205.050 1.264 0.966 2.230 0.679 0.567 
506.225 2.192 1.692 3.884 0.686 0.564 
1006.584 3.283 2.596 5.878 0.703 0.558 
1505.876 4.324 3.526 7.850 0.725 0.551 
= 0.587 
204.517 1.567 0.727 2.293 0.660 0.683 
503.959 2.744 1.253 3.997 0.649 0.687 
1006.584 4.177 1.849 6.026 0.630 0.693 
yj = 0.895 
204.383 2.311 0.164 2.475 0.604 0.934 
503.959 4.112 0.258 4.370 0.536 0.941 
1005.784 6.320 0.339 6.659 0.458 0.949 
1507.876 8.400 0.415 8.815 0.422 0.953 
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Appendix C. Pure-gas Calorimetric Adsorption Experimental Data 






8.158 0.012 11.565 
12.273 0.019 14.577 
22.746 0.034 13.602 
24.910 0.038 12.715 
36.277 0.054 14.238 
38.365 0.059 14.904 
50.229 0.074 12.004 
51.852 0.078 15.335 
63.452 0.092 12.240 
65.305 0.097 14.537 
66.098 0.098 14.228 
68.562 0.099 16.548 
78.415 0.113 12.894 
78.983 0.114 13.721 
81.095 0.118 12.725 
82.808 0.118 14.550 
93.036 0.133 12.320 
95.933 0.137 13.948 
96.782 0.136 12.719 
108.058 0.152 16.544 






14.528 0.021 11.102 
15.010 0.022 10.715 
28.790 0.042 14.940 
29.365 0.042 14.811 
42.566 0.062 12.639 
43.271 0.062 13.852 
56.485 0.080 14.512 
57.345 0.082 14.058 
71.389 0.100 14.901 
71.633 0.101 12.928 
71.771 0.101 14.284 
83.933 0.117 13.818 
85.667 0.119 15.260 
93.154 0.129 14.657 
96.701 0.134 12.356 
98.621 0.136 13.911 
109.562 0.150 13.436 
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Table C.3. Calorimetric pure methane adsorption in M41C22 at 297.6 K 
n q.1 
kPa mmollg Id/mo! 
11.418 0.015 13.313 
13.061 0.018 11.027 
24.569 0.034 11.919 
26.342 0.037 10.900 
28.252 0.039 12.769 
37.353 0.051 13.191 
40.223 0.055 12.954 
44.229 0.060 13.252 
5 1.296 0.070 12.760 
54.261 0.074 12.352 
55.813 0.076 10.736 
59.181 0.079 16.366 
59.516 0.079 11.517 
60.712 0.081 15.729 
65.765 0.089 13.332 
68.174 0.091 13.167 
69.825 0.093 14.347 
71.465 0.094 15.479 
71.982 0.096 15.517 
72.736 0.096 12.724 
73.213 0.098 12.747 
74.332 0.098 14.412 
74.622 0.098 14.029 
79.322 0.106 11.571 
83.471 0.110 12.552 
86.263 0.113 12.837 
86.800 0.113 13.100 
87.119 0.114 12.882 
89.598 0.118 13.508 
93.895 0.124 10.597 
107.060 0.139 13.214 
112.075 0.144 14.239 
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Table C.4. Calorimetric pure ethane adsorption in M41C14 at 297.6 K 
P n qst 
kPa mmollg Id/mo! 
5.749 0.055 21.961 
11.912 0.109 22.305 
14.136 0.124 22.825 
19.970 0.170 23.271 
22.710 0.187 22.516 
28.352 0.228 22.895 
31.640 0.247 22.721 
38.208 0.291 23.643 
40.446 0.302 22.920 
48.754 0.356 22.774 
50.381 0.361 23.067 
54.733 0.385 22.754 
58.435 0.410 23.158 
61.365 0.424 22.317 
65.091 0.443 22.374 
68.463 0.465 23.371 
74.786 0.494 22.852 
78.012 0.516 23.139 
84.929 0.546 21.989 
88.447 0.569 23.245 
94.833 0.594 22.634 
97.289 0.625 
104.599 0.641 22.886 
IL1i 






7.296 0.069 19.771 
8.144 0.076 20.081 
14.518 0.127 19.897 
16.399 0.141 20.602 
16.917 0.145 19.664 
23.444 0.191 20.371 
26.235 0.211 19.903 
26.919 0.216 20.878 
33.558 0.260 20.221 
35.965 0.275 19.670 
37.869 0.288 19.874 
43.502 0.322 19.605 
45.449 0.335 20.350 
48.936 0.355 20.685 
53.780 0.385 19.723 
55.392 0.393 20.240 
60.470 0.422 20.034 
63.514 0.440 18.118 
64.905 0.447 20.679 
65.686 0.452 20.103 
71.895 0.486 20.220 
73.229 0.494 18.399 
74.190 0.498 20.026 
75.754 0.507 19.907 
75.982 0.507 20.408 
83.375 0.547 20.093 
83.646 0.549 20.286 
85.655 0.560 19.279 
87.586 0.568 19.914 
93.150 0.598 19.541 
95.580 0.611 18.717 
99.221 0.628 19.438 
102.940 0.648 19.372 
105.989 0.662 19.506 
109.232 0.678 19.443 
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Table C.6. Calorimetric pure ethane adsorption in M41C22 at 297.6 K 
n qst 
KPa mmollg kJ/mol 
7.064 0.059 19.557 
7.155 0.058 19.593 
8.406 0.070 19.843 
13.504 0.104 20.072 
15.144 0.113 19.310 
15.867 0.120 19.771 
19.087 0.143 19.891 
22.374 0.160 19.634 
24.249 0.169 19.925 
24.702 0.174 19.336 
30.350 0.210 19.925 
31.001 0.210 19.542 
33.035 0.219 18.815 
34.544 0.233 19.548 
40.185 0.259 20.473 
42.004 0.275 19.265 
45.359 0.291 
49.739 0.308 19.536 
52.699 0.321 19.264 
53.135 0.332 19.611 
55.672 0.343 20.183 
59.348 0.356 19.410 
62.988 0.372 18.646 
64.954 0.389 19.291 
66.766 0.397 18.826 
68.946 0.401 19.455 
75.819 0.431 18.286 
77.367 0.448 20.033 
78.709 0.454 19.686 
79.716 0.451 19.065 
87.020 0.482 17.292 
89.196 0.501 19.795 
90.268 0.505 19.356 
92.319 0.515 19.482 
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4.380 0.042 24.788 
5.200 0.048 25.019 
10.491 0.095 24.109 
12.069 0.105 24.749 
18.261 0.159 24.004 
19.499 0.164 24.663 
26.860 0.225 23.892 
27.601 0.225 24.326 
36.173 0.293 24.058 
36.686 0.290 24.700 
44.816 0.353 24.090 
45.711 0.351 24.130 
54.184 0.416 23.560 
55.429 0.415 24.826 
63.207 0.475 23.564 
64.289 0.470 24.367 
66.798 0.487 24.310 
72.461 0.531 23.985 
73.462 0.526 23.810 
76.533 0.546 23.453 
78.818 0.561 24.139 
81.525 0.588 22.967 
86.123 0.603 24.586 
87.342 0.611 22.968 
90.479 0.641 23.426 
97.423 0.670 23.905 
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6.834 0.062 22.970 
7.606 0.066 23.263 
13.229 0.120 24.366 
14.276 0.123 22.132 
15.988 0.132 23.022 
22.248 0.184 21.683 
22.947 0.199 23.541 
24.402 0.194 22.132 
31.052 0.249 21.792 
32.857 0.274 23.623 
33.517 0.258 21.556 
39.666 0.309 20.931 
42.207 0.316 21.901 
42.560 0.344 23.552 
48.601 0.369 21.338 
50.994 0.373 21.523 
52.791 0.413 23.829 
58.045 0.430 20.773 
59.304 0.425 21.119 
59.689 0.434 22.861 
63.550 0.484 24.085 
67.620 0.490 20.559 
67.711 0.510 23.923 
68.429 0.482 20.799 
69.425 0.496 21.477 
74.303 0.551 23.908 
77.160 0.547 20.362 
78.653 0.577 22.733 
78.786 0.554 21.301 
87.013 0.606 20.139 
87.602 0.607 20.519 
89.996 0.644 23.313 
96.606 0.661 20.704 
97.117 0.662 20.906 
101.351 0.708 23.686 
105.757 0.711 20.436 
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4.592 0.048 24.344 
6.100 0.060 24.162 
6.786 0.068 24.967 
10.356 0.102 24.193 
12.943 0.120 24.679 
15.541 0.145 24.296 
17.595 0.165 23.698 
20.670 0,182 24.202 
24.605 0.218 23.767 
24.647 0.222 22.605 
28.534 0.241 24.502 
32.135 0.279 22.967 
34.423 0.292 23.417 
36.930 0.300 23.237 
39.709 0.333 22.193 
44.585 0.362 23.898 
45.499 0.358 23.681 
48.208 0.391 23.691 
54.376 0.418 22.346 
54.967 0.431 23.610 
56.717 0.446 22.650 
63.820 0.473 23.921 
65.648 0.496 23.737 
65.894 0.504 22.825 
72.509 0.527 
72.709 0.525 23.456 
75.171 0.560 22.332 
76.276 0.560 22.699 
81.424 0.575 22.629 
81.844 0.580 22.463 
82.094 0.591 23.966 
82.732 0.587 24.935 
86.800 0.620 23.520 
89.699 0.635 22.510 
91.187 0.632 22.480 
92.829 0.642 23.190 
93.563 0.665 22.366 
97.958 0.682 23.588 
102.555 0.715 21.558 
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Table C. 10. Calorimetric pure methane adsorption in BPL at 297 K 
P n q, 
KPa mmol/g Id/mol 
3.21 0.044 22.48 
3.75 0.051 22.36 
7.77 0.100 22.68 
13.32 0.163 21.81 
13.37 0.162 22.57 
19.07 0.220 21.82 
25.21 0.277 21.52 
28.91 0.312 22.03 
32.01 0.337 21.57 
35.07 0.365 21.79 
38.97 0.394 20.87 
46.80 0.453 20.90 
48.78 0.472 20.50 
54.07 0.505 20.77 
62.38 0.563 20.70 
63.69 0.576 20.31 
71.02 0.619 19.97 
80.46 0.677 20.08 
89.30 0.729 20.82 
97.80 0.777 20.12 
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0.08 0.031 38.14 7.54 0.940 28.53 
0.11 0.044 32.86 8.41 1.015 
0.18 0.077 33.70 8.77 1.019 29.02 
0.25 0.096 32.00 9.66 1.091 28.45 
0.32 0.126 32.46 10.17 1.101 
0.45 0.153 32.09 10.91 1.162 28.21 
0.46 0.169 32.87 11.50 1.174 27.65 
0.68 0.224 32.71 12.43 1.241 28.58 
0.71 0.217 31.54 12.91 1.246 27.28 
0.93 0.279 32.11 14.01 1.318 28.54 
1.02 0.280 30.80 14.55 1.324 27.21 
1.24 0.336 29.86 16.31 1.403 26.98 
1.39 0.344 30.35 18.04 1.482 26.67 
1.57 0.391 30.49 19.96 1.556 27.50 
1.80 0.407 30.44 22.20 1.638 27.35 
1.99 0.451 30.07 24.52 1.716 27.15 
2.30 0.475 29.06 26.97 1.795 26.94 
2.45 0.511 29.77 29.60 1.873 26.80 
2.92 0.548 29.28 32.76 1.960 26.79 
3.02 0.579 30.82 36.06 2.045 26.64 
3.56 0.635 29.39 39.64 2.134 26.12 
3.65 0.625 29.26 43.53 2.224 26.29 
4.18 0.696 30.14 47.72 2.325 
4.42 0.699 27.87 52.15 2.413 25.74 
4.94 0.764 29.83 56.98 2.503 25.70 
5.35 0.778 27.21 61.91 2.589 25.83 
5.67 0.823 27.68 67.37 2.676 25.45 
6.39 0.858 29.03 73.08 2.762 25.53 
6.58 0.892 29.48 78.74 2.841 25.53 
7.35 0.946 28.38 
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Appendix D. Binary Mixture Calorimetric Adsorption Experimental Data 










14.008 0.020 1.000 1.000 14.745 
21.028 0.081 0.695 0.207 8.721 14.745 25.093 
35.426 0.101 0.814 0.377 7.244 15.409 25.093 
43.158 0.159 0.668 0.240 6.387 15.409 21.540 
59.481 0.181 0.759 0.331 6.364 9.485 21.540 
68.143 0.238 0.655 0.265 5.274 9.485 21.232 
82.877 0.258 0.728 0.301 6.215 10.552 21.232 
90.900 0.308 0.651 0.275 4.916 10.552 23.535 
105.709 0.327 0.708 0.302 5.605 12.606 23.535 
113.322 0.369 0.648 0.290 4.506 12.606 18.750 
Second Run 
11.462 0.017 1.000 1.000 13.311 
18.150 0.076 0.667 0.173 9.550 13.311 23.224 
33.347 0.097 0.810 0.373 7.177 23.224 
40.924 0.154 0.663 0.229 6.615 22.314 
54.823 0.173 0.746 0.316 6.356 13.681 22.314 
62.499 0.226 0.652 0.245 5.760 13.681 20.471 
76.453 0.244 0.723 0.287 6.495 20.471 
82.503 0.283 0.658 0.268 5.262 20.310 
97.951 0.303 0.721 0.299 6.066 10.966 20.310 










7.059 0.010 1.000 1.000 12.383 
14.442 0.080 0.495 0.122 7.085 12.383 21.232 
29.154 0.100 0.743 0.308 6.504 12.039 21.232 
37.768 0.165 0.570 0.191 5.618 12.039 19.147 
52.785 0.184 0.691 0.276 5.865 12.450 19.147 
61.651 0.242 0.580 0.227 4.693 12.450 19.525 
76.485 0.260 0.682 0.246 6.571 15.826 19.525 
85.935 0.313 0.590 0.232 4.774 15.826 16.150 
100.796 0.333 0.674 0.235 6.731 16.150 
Second Run 
13.425 0.020 1.000 1.000 12.231 
21.119 0.090 0.645 0.208 6.901 12.231 20.498 
35.650 0.110 0.787 0.356 6.675 11.316 20.498 
44.115 0.174 0.629 0.237 5.471 11.316 18.843 
60.094 0.194 0.728 0.315 5.824 12.859 18.843 
69.422 0.253 0.621 0.256 4.764 12.859 17.876 
84.636 0.272 0.706 0.278 6.228 9.015 17.876 
93.565 0.324 0.631 0.246 5.231 9.015 17.319 
108.231 0.343 0.690 0.270 6.011 17.319 
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Table D.3 Calorimetric binary ethane (1) / CO 2 (2) adsorption in M41C14 at 297.6 K 
P 	fltotal 	yj 	 Xj 	S(2,J) 	qi 	qst-2 
KPa mmol/g kJ/mol kJ/mol 
First Run 
6.594 0.063 1.000 1.000 20.427 
13.213 0.120 0.553 0.492 1.279 20.427 24.967 
21.982 0.187 0.689 0.704 0.932 21.398 24.967 
30.952 0.252 0.544 0.482 1.281 21.398 23.317 
40.101 0.312 0.624 0.600 1.108 21.489 23.317 
48.597 0.367 0.543 0.488 1.246 21.489 22.072 
58.512 0.425 0.611 0.566 1.204 21.995 22.072 
67.547 0.480 0.537 0.496 1.180 21.995 21.800 
77.379 0.535 0.604 0.541 1.293 21.220 21.800 
87.762 0.595 0.518 0.500 1.076 21.220 21.465 
Second Run 
7.628 0.072 1.000 1.000 21.007 
15.186 0.134 0.564 0.491 1.338 21.007 24.216 
23.588 0.198 0.681 0.682 0.995 22.007 24.216 
32.617 0.263 0.544 0.477 1.311 22.007 23.106 
42.113 0.326 0.625 0.594 1.139 21.913 23.106 
51.366 0.386 0.541 0.480 1.279 21.913 22.626 
61.281 0.445 0.608 0.555 1.245 21.676 22.626 
71.620 0.506 0.532 0.478 1.241 21.676 21.668 
81.564 0.561 0.581 0.536 1.201 21.911 21.668 
Table D.4 Calorimetric binary methane (1) I CO2 (2) adsorption in M41C16 at 297.6 K 
P flIotal yj Xj S(2,]) qst-i qst-2 
KPa mmol/g kJ/mol kJ/mol 
First Run 
9.976 0.015 1.000 1.000 11.118 
17.985 0.091 0.586 0.122 10.198 11.118 21.040 
33.758 0.115 0.773 0.321 7.214 11.387 21.040 
42.935 0.191 0.610 0.190 6.669 11.387 19.574 
57.504 0.211 0.703 0.279 6.111 13.102 19.574 
66.792 0.281 0.606 0.209 5.838 13.102 19.574 
81.277 0.300 0.673 0.266 5.686 11.573 19.574 
91.056 0.365 0.593 0.232 4.813 11.573 16.454 
103.763 0.382 0.647 0.257 5.293 12.313 16.454 
Second Run 
2.778 0.004 1.000 1.000 12.478 
11.136 0.081 0.280 0.019 19.647 12.478 22.142 
26.385 0.105 0.707 0.218 8.654 11.419 22.142 
35.761 0.183 0.529 0.114 8.723 11.419 20.623 
51.503 0.206 0.667 0.225 6.888 9.617 20.623 
61.077 0.281 0.561 0.168 6.334 9.617 19.356 
77.269 0.302 0.649 0.234 6.039 11.938 19.356 
86.864 0.367 0.569 0.207 5.050 11.938 18.892 
101.901 0.386 0.638 0.235 5.730 10.698 18.892 
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Table D.5 Calorimetric binary methane (1) / ethane (2) adsorption in M41C16 at 297.6 K 
P flIotal yl XI S(2,J) q 1_j qst-2 
KPa mmol/g kJ/mol kJ/mol 
First Run 
2.832 0.004 1.000 1.000 12.478 
11.359 0.085 0.219 0.077 3.379 12.478 20.615 
27.245 0.109 0.686 0.257 6.328 9.469 20.615 
37.247 0.187 0.497 0.156 5.335 9.469 19.555 
53.685 0.210 0.647 0.256 5.327 10.405 19.555 
63.153 0.274 0.539 0.214 4.291 10.405 19.251 
79.118 0.296 0.636 0.263 4.891 14.103 19.251 
89.483 0.360 0.549 0.240 3.849 14.103 16.755 
Second Run 
11.295 0.017 1.000 1.000 10.948 
18.222 0.081 0.625 0.199 6.708 10.948 18.914 
31.776 0.100 0.777 0.371 5.906 15.595 18.914 
39.332 0.158 0.645 0.205 7.045 15.595 16.944 
53.993 0.177 0.725 0.328 5.408 18.545 16.944 
62.581 0.237 0.636 0.227 5.959 18.545 15.578 
76.352 0.255 0.707 0.271 6.501 24.088 15.578 
84.862 0.308 0.628 0.239 5.374 24.088 15.578 
99.184 0.328 0.692 0.263 6.297 26.777 15.578 










6.957 0.066 1.000 1.000 19.358 
14.045 0.130 0.543 0.467 1.355 19.358 22.310 
23.027 0.200 0.679 0.686 0.969 20.314 22.310 
32.211 0.274 0.537 0.458 1.373 20.314 21.825 
42.511 0.343 0.624 0.589 1.159 21.083 21.825 
51.717 0.412 0.525 0.481 1.195 21.083 21.561 
61.495 0.471 0.589 0.557 1.141 19.797 21.561 
70.617 0.533 0.512 0.493 1.077 19.797 19.862 
80.343 0.590 0.580 0.533 1.208 20.049 19.862 
89.891 0.651 0.510 0.491 1.078 20.049 19.591 
100.484 0.708 0.565 0.529 1.157 19.809 19.591 
108.809 0.758 0.519 0.497 1.093 19.809 19.134 
Second Run 
4.890 0.047 1.000 1.000 19.533 
12.447 0.119 0.471 0.340 1.726 19.533 23.272 
21.239 0.187 0.635 0.626 1.041 20.953 23.272 
30.066 0.258 0.513 0.402 1.565 20.953 22.253 
39.310 0.322 0.595 0.548 1.210 21.333 22.253 
48.116 0.387 0.508 0.438 1.326 21.333 22.288 
58.979 0.455 0.578 0.540 1.167 21.436 22.288 
68.329 0.517 0.507 0.468 1.171 21.436 21.614 
78.582 0.576 0.573 0.521 1.235 21.934 21.614 
88.185 0.636 0.503 0.479 1.103 21.934 21.678 
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Table D.7 Calorimetric binary methane (1) / CO 2 (2) adsorption in M41C22 at 297.6 K 
P flIotal yj xi S(2,J) qst-i qst-2 
KPa mmol/g kJ/mol k.J/mol 
First Run 
4.739 0.006 1.000 1.000 12.478 
11.780 0.070 0.435 0.053 13.682 12.478 21.766 
26.163 0.088 0.738 0.265 7.808 11.423 21.766 
32.641 0.138 0.595 0.163 7.523 11.423 20.243 
49.177 0.157 0.721 0.281 6.612 11.974 20.243 
58.357 0.217 0.609 0.200 6.212 11.974 21.651 
74.775 0.233 0.691 0.263 6.260 11.582 21.651 
84.540 0.288 0.607 0.221 5.451 11.582 23.272 
Second Run 
11.580 0.016 1.000 1.000 13.418 
19.895 0.089 0.606 0.141 9.362 13.418 21.924 
34.434 0.108 0.764 0.308 7.257 12.617 21.924 
43.781 0.179 0.604 0.181 6.912 12.617 21.897 
57.556 0.196 0.697 0.257 6.662 17.136 21.897 
66.985 0.261 0.590 0.208 5.489 17.136 19.385 
81.239 0.279 0.659 0.264 5.381 13.581 19.385 
90.324 0.334 0.586 0.232 4.693 13.581 18.647 
106.531 0.354 0.656 0.262 5.376 10.776 18.647 
Table D.8 Calorimetric binary methane (1) / ethane (2) adsorption in M41C22 at 297.6 K 
P fliotal yj Xj S(2,J) q 1 i qst-2 
KPa mmol/g kJ/mol kJ/mol 
First Run 
10.350 0.015 1.000 1.000 13.502 
19.027 0.086 0.559 0.153 7.003 13.502 19.013 
34.006 0.107 0.752 0.320 6.436 9.634 19.013 
45.019 0.180 0.565 0.196 5.321 9.634 18.816 
61.052 0.200 0.675 0.287 5.171 17.136 18.816 
71.820 0.261 0.563 0.240 4.073 17.136 15.627 
84.940 0.282 0.642 0.274 4.754 10.820 15.627 
96.877 0.344 0.549 0.251 3.634 10.820 18.438 
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Table D.9 Calorimetric binary ethane (1) I CO2 (2) adsorption in M41C22 at 297.6 K 
P 	niotal 	 yj 	 Xj 	 S(2,J) 	qst-1 	qst-2 
KPa mmol/g kJ/mol kJ/mol 
First Run 
8.029 0.066 1.000 1.000 19.899 
15.901 0.125 0.616 0.438 2.056 19.899 23.551 
24.859 0.184 0.729 0.639 1.522 20.872 23.551 
33.230 0.240 0.605 0.436 1.977 20.872 22.415 
43.344 0.299 0.666 0.576 1.471 21.369 22.415 
51.794 0.360 0.569 0.467 1.508 21.369 21.587 
62.941 0.420 0.639 0.548 1.460 20.318 21.587 
74.113 0.475 0.682 0.612 1.359 20.452 21.587 
84.026 0.537 0.594 0.549 1.201 20.452 19.768 
95.491 0.592 0.650 0.583 1.326 20.604 19.768 
Second Run 
6.857 0.057 1.000 1.000 20.434 
13.882 0.123 0.546 0.426 1.623 20.434 24.119 
23.645 0.187 0.676 0.668 1.038 21.487 24.119 
32.218 0.254 0.548 0.449 1.490 21.487 23.459 
42.255 0.312 0.619 0.581 1.171 22.076 23.459 
50.453 0.369 0.544 0.469 1.351 22.076 22.335 
60.654 0.422 0.609 0.546 1.294 22.622 22.335 
69.409 0.477 0.541 0.475 1.303 22.622 21.525 
80.905 0.533 0.619 0.518 1.513 21.336 21.525 
91.652 0.593 0.531 0.480 1.228 21.336 20.928 




yj xj S(2, J)  
kJImol kJ/mol 
First Run 
3.62 0.049 1.000 1.000 22.75 
3.98 0.099 0.966 0.485 30.13 22.75 36.78 
8.82 0.155 0.980 0.673 23.84 21.78 36.78 
9.50 0.218 0.959 0.467 26.71 21.78 32.77 
16.55 0.287 0.972 0.597 23.42 20.85 32.77 
17.82 0.366 0.949 0.456 22.19 20.85 30.95 
24.80 0.425 0.962 0.532 22.26 19.84 30.95 
26.32 0.500 0.941 0.441 20.22 19.84 27.33 
33.06 0.552 0.954 0.493 21.34 19.58 27.33 
35.14 0.641 0.926 0.415 17.63 19.58 25.77 
43.82 0.700 0.946 0.463 20.35 19.07 25.77 
46.31 0.785 0.911 0.407 14.91 19.07 23.62 
56.92 0.850 0.939 0.448 18.96 18.71 23.62 
59.47 0.924 0.905 0.410 13.73 18.71 23.35 
70.34 0.986 0.933 0.441 17.66 18.51 23.35 
Second Run 
3.26 0.045 1.000 1.000 22.79 
3.42 0.071 0.977 0.627 25.27 22.79 37.05 
7.54 0.120 0.984 0.783 17.07 22.29 37.05 
8.16 0.183 0.963 0.500 26.00 22.29 34.17 
14.15 0.244 0.974 0.627 22.31 21.22 34.17 
15.09 0.313 0.954 0.478 22.67 21.22 30.69 
19.82 0.356 0.964 0.541 22.71 20.80 30.69 
21.14 0.435 0.942 0.432 21.36 20.80 30.69 
27.29 0.484 0.955 0.489 22.14 20.29 30.69 
29.02 0.567 0.929 0.408 18.98 20.29 26.86 
37.07 0.626 0.947 0.463 20.74 19.67 26.86 
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Appendix E. Nomenclature 
D ............... Diameter of the cylindrical pore 
E................ Energy 
f. ............... 	Bulk gas fugacity 
f, ............... Fugacity of component i 
10 Standard-state fugacity 
f(w) ............ Pore size distribution 
h 9 ............. Partial molar enthalpy in the bulk gas phase 
/1 0 Partial molar enthalpy in the adsorbed phase 
Differential enthalpy in the adsorbed phase 
hg Molar enthalpies of the bulk gas phase 
ha Molar enthalpies of the adsorbed phase 
H............... Henry's constant 
Ha Specific enthalpy of the adsorbed phase 
k 	............... A vector in the axial direction 
kB............... Boltzmann constant 
Kfi, . 	............. Calibration constant for the calorimeter 
1................. Length of the cylinder 
1................. Number of images of the main simulation box in axial direction 
L 	............... Length of the simulation box 
M................ Macroscopic thermodynamic property 
n ............... Amount Adsorbed 
ex Excess amount adsorbed 
ex Absolute amount adsorbed 
Anj,. 	............ Incremental adsorption and desorption for Gas 1 
N............... Number of molecules 
NA 	............... Avogadro's number 
P............... Bulk phase pressure 
P,. 	.............. Probability of microstate i in the ensemble 
q 	............... Partial charge 
qd 	............. Differential heat of adsorption 
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qst . 	 Isostenc heat of adsorption 
abs 
q 5. ............. 	 Absolute isostenc heat of adsorption 
ex Excess isosteric heat of adsorption 
qsr(w, Pi) ....... Simulated isosteric heat of adsorption in a individual pore of 
width w at pressure P, 
q,j ............. Isosteric heat of adsorption of the ith component in a mixture 
q . 	.............. Isosteric heat of adsorption at the limit of zero coverage, 
Q................ Canonical partition function 
Heat generated in this step i using the calorimeter 
r.................. Intermolecular distance 
rcut 	............. Cut-off distance 
R................ Universal gas constant 
S 	................ Surface area 
S1,2 ............ Selectivity of one Adsorptive 1 over Adsorptive 2 
SArea ............ Area under the signal 
T................ Temperature 
Molar internal energies of the bulk gas phase 
Molar internal energies of the adsorbed phase 
aie Average internal energy 
U................ Potential energy 
jjabs Absolute total internal energy of the adsorbate 
uexs Excess total internal energy of the adsorbate 
V................ Volume 
w ............... Pore width 
WSPW ............ Smallest pore width in which adsorption takes place 
x ............... Adsorbed phase mole fraction 
y ............... Bulk phase mole fraction 
Z 	............... Compressibility factor in the bulk gas phase 
/3  ................ 	Reciprocal temperature (1IkBT) 
4 ................ 	Distance between adjacent graphite layers 
Lennard-Jones potential well depth 
Vacuum permittivity 
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Y .................Probability of generating a new microstate 
Probability density 
K .................. Adsorbate compressibility in the modified Toth isotherm 
Iii .................. 	Chemical potential 
r, H.............. Spreading pressure 
it .................. 	Acceptance probability for a Monte Carlo trial 
Bulk phase density 
p(w, P,) ......... Adsorbate density at a pore of width w at pressure P, 
p5 ................Number of carbon atoms per unit volume in the graphitic layer 
0................... 	Lennard-Jones radius 
Total number of microstates in an ensemble 
Grand canonical partition function 
ct. .................. 	BKS potential 
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